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ABSTRACT 
Understanding how different processes contribute to the maintenance of 
diversity in plant communities is a central question in ecology. A series of 
experiments are reported here which examined the importance of herbivory, plant 
competition for nutrients and seed limitation as well as the interaction between them 
in affecting a grassland community in Silwood Park. The experiments have been 
running for different lengths of time times scales: eighteen months, three years and 
fifteen years. 
Together they reveal that invertebrate herbivores, insects and molluscs, have 
important but contrasting effects on biodiversity. Insects increased diversity by 
reducing the competitive ability of a dominant grass while molluscs reduced 
recruitment by herb species, thereby decreasing their populations and negatively 
affecting community diversity. Both invertebrate herbivores also interact with 
rabbits, with the insects changing the direction of rabbit effects for several species. 
Nutrient additions have large effects on diversity. The community is co-
limited by nitrogen and phosphorus and addition of these nutrients increased the 
growth of tall grasses (the identity of which depends on the soil pH) which in turn 
leads to loss of species diversity. Other combinations of nutrients alter the relative 
abundances of many species, changing community composition. Nutrient additions 
also interacted with herbivory and changed the effects of herbivores on the 
community. 
Seed limitation is shown to be a relatively unimportant process for the 
resident herb species. Furthermore, seed addition experiments show the grassland to 
be relatively uninvasible, particularly where it is also grazed by rabbit and molluscs. 
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Introduction Chapter 1 
CHAPTER ONE 
INTRODUCTION 
Understanding plant species coexistence is one of the central questions in 
ecology (Hutchinson 1961, Huston 1979, Chesson 2000). Many mechanisms have 
been proposed to account for the great diversity of plants found in most communities 
and in order to promote coexistence these mechanisms must stabilise species 
interactions and prevent competitive exclusion (Chesson 2000). Niche 
differentiation, for example with respect to nutrients, can promote plant coexistence 
if trade-offs exist and different plant species are favoured in different places or at 
different times (Silvertown 2004) and/or there is spatial heterogeneity in nutrient 
supply (Tilman 1982). Organisms that attack plants may also promote coexistence by 
reducing competition from dominant species and therefore allowing subordinate 
plant species to coexist (Huntly 1991, Pacala and Crawley 1992, Olff and Ritchie 
1998). 
1.1 Nutrient limitation and coexistence 
Plant species depend on about twenty mineral nutrients for growth but in any 
community plant growth is likely to be limited by fewer than about four of these 
(Tilman 2007). In competition for any of these resources the plant species that 
depletes the resource to the lowest level will outcompete all the others, this is known 
as the R* rule (Tilman 1982, Tilman and Wedin 1991). Coexistence becomes 
possible because there is spatial (or temporal) variation in the supply of these 
nutrients (Tilman 1980, Jackson and Caldwell 1993, Schlesinger et al. 1996, 
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Silvertown 2004). Plants may also specialise to extract different forms of a nutrient 
or to extract a nutrient at different depths (McKane et al. 2002). Trade-offs in ability 
to extract different nutrients also occur and this can increase opportunities for 
coexistence (Tilman 1982, Tilman 1985, Tilman 2007). Plants that are good 
competitors for one nutrient, perhaps nitrogen, will typically lack the adaptations to 
be good competitors for another, perhaps phosphorus. Spatial and/or temporal 
variation in the supply rates of these two nutrients can therefore allow many species 
to coexist at different concentrations of the two limiting resources (Chesson 2000, 
Tilman 2007). Variation in other environmental factors such as soil pH, moistutre or 
temperature may further increase possibilities for coexistence by differentially 
limiting the growth of species (Tilman 2007). 
Nutrient additions to grasslands often change plant community structure 
dramatically, increasing biomass and reducing species richness (DiTommaso and 
Aarssen 1989, Stevens and Carson 1999, van der Hoek et al. 2004, Crawley et al. 
2005, Suding et al. 2005). This occurs because competition shifts from below-ground 
competition for nutrients to above-ground competition for light, which removes 
limiting resources so that lower-growing species are shaded out and lost from the 
community (Gough et al. 2000, van der Hoek et al. 2004, Crawley et al. 2005). 
Biomass production in mesic grasslands, is generally limited by nutrient availability; 
and fertilizer experiments have revealed that the most common limiting nutrients are 
nitrogen and phosphorus, although potassium may in some cases limit production 
(Tilman 1985, Vanderwoude et al. 1994, Koerselman and Meuleman 1996, 
Venterink et al. 2001, Venterink et al. 2003, van der Hoek et al. 2004, Elser et al. 
2007). Long-term fertilizer addition experiments, such as Park Grass (Silvertown 
14 
1980, Crawley et al. 2005), Cockle Park (Coleman et al. 1987) and the Rengen 
experiment (Hejcman et al. 2007), record increases in biomass and substantial 
reductions in species diversity following fertilization. Maximal diversity in plant 
communities has been found in areas with levels of nitrogen and phosphorus below 
optimum for plant growth (Janssens et al. 1998). This means that atmospheric 
deposition of nitrogen or eutrophication with nitrogen and phosphorus, following the 
use of inorganic fertilizers in agriculture, has been responsible for the loss of species 
in grassland and heathland habitats (Stevens et al. 2004, Wassen et al. 2005, Stevens 
et al. 2006). 
Additions of single nutrients may also alter below-ground competition for 
resources (DiTommaso and Aarssen 1989, Willems et al. 1993, van der Hoek et al. 
2004, Hejcman et al. 2007). Following addition of a particular nutrient, plants that 
are limited by it would be expected to increase while species which are good 
competitors for it would decrease, as they are out-competed by species that are better 
competitors for the other nutrients now most limiting to plant growth. For example, 
legumes commonly decrease following nitrogen addition because they are good 
competitors for nitrogen and are replaced by species that are better competitors for 
phosphorus, such as many grass species (DiTommaso and Aarssen 1989, Crawley et 
al. 2005, Hejcman et al. 2007). Legumes are limited by phosphorus and potassium 
availability and therefore increase following additions of these nutrients. Additions 
of different combinations of mineral nutrients can therefore alter species 
composition. 
15 
Introduction Chapter 1 
1.2 Herbivores and coexistence 
Coexistence is promoted if trade-offs in competitive ability for different 
nutrients leads to plant species being limited by different resources (Tilman 1982). 
Herbivores can also act as limiting factors (Chase et al. 2002). Specialist herbivores 
can act as multiple limiting factors reducing the growth of their hosts and therefore 
promoting coexistence (Pacala and Crawley 1992, Chase et al. 2002). In tropical 
forests specialist insects are thought to have this effect (Janzen 1970, Bell et al. 
2006) and in grasslands specialist below ground pathogens could also act in this way 
(Klironomos 2002, Bever 2003, Bonanomi et al. 2005a). Herbivores can also 
promote coexistence if they feed preferentially on the competitive dominant limiting 
its growth and thereby increasing resources for other species in the community 
(Chase et al. 2002). Herbivory can stabilise interactions between species with 
incomplete resource overlap by causing one species to be limited by herbivores and 
the other by a resource, perhaps nutrient levels (Chesson 2000). Selective herbivory 
can therefore lead to stable coexistence, providing there is frequency dependence in 
the rate of herbivory and this can arise from two mechanisms: there may be 
ephmeral, spatial or temporal refuges from herbivory arising from variation in 
herbivore populations or herbivore switching. Alternatively there could be a 
monotonic increase in herbivory with dominance, by monophogous herbivores 
(Pacala and Crawley 1992). Both generalist and specialist herbivores can therefore 
increase plant diversity, providing that they feed preferentially on the competitive 
dominant or dominants; however herbivores that attack sub-dominant species will 
almost invariably decrease diversity (Pacala and Crawley 1992). Herbivores may be 
likely to feed on the dominants if there are trade-offs between palatability (lack of 
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plant defences) and dominance (fast growth rate) (Pacala and Crawley 1992). The 
same result can arise from trade-offs between tolerance of herbivory and growth rate 
(del-Val and Crawley 2004), for example mowing can increase diversity because tall, 
fast growing species lose most biomass when cut and are therefore least able to 
tolerate mowing, whereas low-growing rosette forming species are favoured 
(Crawley 1997). 
Herbivores can have these effects by attacking plants at all stages in their life-
cycles and although most herbivores do not kill plants they can substantially reduce 
growth rates (Meyer and Whitlow 1992, Meyer and Root 1993, Wise and Sacchi 
1996, Ehrlen 2003, Maron and Crone 2006). They can also reduce seed production 
(Louda 1983, Palmisano and Fox 1997, Maron and Crone 2006) and increase 
seedling mortality (Hulme 1994, Hanley et al. 1995a, 1996a, Hulme 1996a, b). Even 
substantial herbivore effects on individual plants may not affect plant populations 
though, because of lack of seed limitation or processes such as compensatory re-
growth (Crawley 1983, 1997). Experimental manipulation of herbivory in plant 
communities is the only way to reveal that they do have this effect (Crawley 2007a). 
Herbivores are more likely to affect plant production if they are food limited 
and if they are limited at low densities by natural enemies they would not be 
expected to have important effects on plant growth (White 1978, Crawley 1983, 
1997, Chase et al. 2000). It has been suggested that herbivores do not have 
important effects: they are said hardly ever to be food-limited because the world is 
green and there must therefore always be plenty of food for them, so instead they 
must be limited by their natural enemies (top-down effects) (Hairston et al. 1960, 
Terbourg et al. 2006). Food limitation of herbivores (bottom-up effects) can actually 
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be much more common, despite the seeming abundance of food, because most of 
what is green is not edible to herbivores, much of the plant biomass may have low 
nutritional value or be rendered inedible with mechanical and chemical defences 
(Crawley 1997). Alternatively herbivores may be limited by plant production at a 
particular time of year, for instance the population of Soay sheep on the island of St 
Kilda, off the north-west coast of Scotland, are food limited because there are no 
predators of the sheep on the island and they are given no supplemental feeding; their 
population is limited by winter food availability (Crawley et al. 2004). The relative 
importance of top-down and bottom-up processes in structuring plant communities 
remains much debated, however (Leibold 1989, Power 1992, Strong 1992, Leibold et 
al. 1997, Huxel 1999, Chase et al. 2000, Gurevitch et al. 2000, Denno et al. 2003). 
1.3 Herbivores and productivity 
The importance of herbivores in structuring plant communities has been 
suggested to depend on the productivity of the community and two opposing theories 
have been developed. Oksanen and Fretwell (1981) proposed a trophic-based theory. 
They suggested instead that at low productivities (for example tundra, high alpine, 
steppe, semi-desert) herbivores would have large impacts on plant biomass, as the 
environment would be too unproductive to support large numbers of carnivores, so 
they would be limited by bottom-up processes. At higher productivities carnivores 
would begin to limit herbivore populations and herbivores would not have a large 
impact on plant biomass (top-down limited), meaning plant biomass would increase 
with productivity (Oksanen et al. 1981, Oksanen and Oksanen 2000). At very low 
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productivities even herbivores could not be supported and plant biomass would only 
be limited by the productivity of the environment. This is known as the exploitation 
ecosystems hypothesis (EES). The EES applies to mammalian herbivores fed on by 
carnivores at natural population levels. Domesticated grazers and herbivores in areas 
where large carnivores have been extirpated by man would not be regulated in this 
way and they could have large impacts on plant communities (Oksanen and 
Oksanen 2000). 
This theory was originally developed with large-scale gradients in 
productivity in mind, where production is principally affected by water, but has been 
extended to insect herbivores and tested with smaller scale gradients where 
production is affected by differences in nutrient levels (Fraser 1998, Uriarte and 
Schmitz 1998, Schadler et al. 2003). A series of experiments in microcosms and in 
the field by Grime and co-workers (Fraser and Grime 1997, Fraser 1998, Fraser and 
Grime 1999, Buckland and Grime 2000) suggested that insect and mollusc 
herbivores had a lower impact on highly productive communities and had maximal 
impact at intermediate productivity. 
In contrast to the hypotheses based on trophic control, Milchunas et al. (1988) 
suggested that herbivores have their greatest impact on plant communities at high 
productivity. Here, in the absence of herbivory, competition is principally for light 
(as discussed above) and tall growing species out-compete others; herbivores 
therefore dramatically change species composition by favouring plants with a shorter 
stature and fast re-growth capacity (Milchunas et al. 1988, Milchunas and Lauenroth 
1993). This occurs in the African grasslands studied by McNaughton (1985), where 
removal of grazers completely changes species composition in a few years, and in 
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tall-grass prairie in the US (Collins et al. 1998). In unproductive ecosystems, 
herbivores have a much smaller effect because adaptations to drought such as basal 
meristems, small stature, high shoot density, deciduous shoots, below ground 
nutrient reserves and rapid growth are also traits that allow plants to tolerate 
herbivory (Milchunas et al. 1988). The removal of herbivores has little effect here 
because the dominant species do not change: taller growing plants are unable to 
invade. Evolutionary history of grazing is also important and introduced herbivores 
tend to have larger impacts when there are no grazing adapted plants in the species 
pool (Milchunas et al. 1988, Milchunas and Lauenroth 1993). Olff and Ritchie 
(1998) proposed a similar system suggesting that in wet habitats only large 
herbivores would be able to graze the dominant species, because in wet, infertile 
habitats they would have low nutritional value and in wet, fertile habitats they would 
have fast growth rates (Olff and Ritchie 1998). The pattern of herbivores having 
greater impacts on species composition at high productivity has been borne out by 
comparative studies and experiments (Milchunas and Lauenroth 1993, Chase et al. 
2000, Bakker et al. 2006). Chase (2000) in his meta-analysis of 21 studies, 
suggested that although herbivore effects on species composition increased with 
productivity, their effects on biomass declined with productivity. These syntheses 
suggest that environmental productivity is an important variable that may modify 
herbivore impact. 
1.4 Different groups of herbivores 
Grasslands are grazed by a large range of herbivores: mammalian grazers 
such as large ungulates (Hobbs 1996, Augustine and McNaughton 1998), 
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lagomorphs (Crawley 1990, Gibbens et al. 1993) and rodents, some seed-eating and 
some leaf-eating (Hulme 1994, Howe and Lane 2004) have generally received most 
attention, but many groups of insects, both above and below ground, (Gibson et al. 
1987, Brown and Gange 1989, Carson and Root 2000) molluscs (Hanley et al. 
1995a, Bruelheide and Scheidel 1999, Wilby and Brown 2001), nematodes 
(Verschoor et al. 2002, van Ruijven et al. 2005) and fungal pathogens (Peters and 
Shaw 1996, Mitchell 2003) are also present in grasslands and all of these could affect 
plant biodiversity. These various groups of herbivores are likely to have different 
feeding preferences so they could change community composition in different ways; 
for example areas grazed by geese have been shown to be abundant in Potentilla 
anserina because this species is avoided by geese (Crawley 1997). Plants that 
increase under herbivory are tenned increasers and are ones that are either well 
defended against that herbivore or tolerant of herbivory, plants that are preferred by 
the herbivore and which decrease under grazing are known as decreasers (Crawley 
1983, 1997). Different plants will be increasers or decreasers under different 
herbivores and even under different intensities of herbivory (Noy-meir et al. 1989). 
Vertebrates 
The vertebrate herbivores are the best known in grasslands. In climatically 
determined grasslands, large grazing animals, often interacting with fire, have 
important impacts on species composition and diversity (McNaughton 1985, Bel sky 
1992, Milchunas and Lauenroth 1993, Collins et al. 1998). They reduce the 
dominance of tall growing species, shifting composition to low growing prostrate 
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species (Milchunas et al. 1988). There are a wide range of vertebrate herbivores and 
their impact on the community may depend to a large extent on their body size 
(Bakker and Olff 2003, Bakker et al. 2006). Larger herbivores are able to digest 
lower quality forage and will therefore be able to feed on dominant species, which 
may have low tissue nitrogen or silica defences, and they are also able to consume 
more plant matter enabling them to have a larger effect on fast growing species (Olff 
and Ritchie 1998, Ritchie and Olff 1999). In anthropogenic grasslands, domesticated 
livestock have substantial impacts on species composition, which may depend on the 
intensity of grazing (Milton 1940, Rawes 1981, Gibson et al. 1987). These animals 
are maintained at higher densities than could be supported otherwise because they 
are given supplemental feeding during the winter (Crawley 2007a). Intermediate 
sized herbivores such as rabbits may also be important in grasslands where they are 
abundant and they are known to reduce biomass and to benefit low growing and 
unpalatable defended species (Crawley 1990). 
Insects 
A large number of insects eat plants, and grassland communities may support 
many species of insect herbivores (Tscharntke and Greiler 1995). Insect herbivores 
have often been thought to be unimportant in grasslands because as they are small 
they are assumed to have less effect on plant communities than large ones (Crawley 
1989, Olff and Ritchie 1998). They have also generally been thought to be limited 
by their natural enemies and therefore to be unable to affect plant populations 
(Crawley 1989, Carson and Root 1999, 2000). There are some examples of insect 
herbivore impact increasing when predators are removed (Marquis and Whelan 
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1994) but predators do not always reduce their impact: Schmitz (2003) showed that 
removal of a predator reduced diversity because prey switched from feeding on a 
dominant to a subdominant species, so that herbivores maintained diversity in this 
system but only in the presence of predators. Insect herbivores that are well 
protected from predators such as spittlebugs may also have large impacts on their 
host (Carson and Root 2000). Successful classical biocontrol, also suggests at least 
the potential for insects to have impacts on plant populations (Crawley 1989). 
Whilst generalist insect herbivores may not be capable of substantial biomass 
removal or effects on composition (but see (Ritchie and Tilman 1992, Blumer and 
Diemer 1996)) specialist insects have been shown to affect plant biodiversity by 
feeding on a dominant species (Bach 1994, Carson and Root 1999, 2000, Bach 
2001). Applying insecticides to grasslands as part of ecological experiments or in 
agricultural systems has also been shown to increase productivity and in some cases 
reduce diversity (Gates and Orians 1975, Clements et al. 1982, Gibson et al. 1987, 
Brown and Gauge 1989, Clements and Henderson 1994, Coupe and Cahill 2003), 
although the insect species involved are generally not known, it does show that the 
insect community as a whole is able to affect plant production and to have important 
effects on the community. 
Molluscs 
Molluscs are also abundant herbivores in temperate grasslands (South 1992) 
and are principally seedling predators (Hulme 1994, Hanley et al. 1995a, 1996b, 
Edwards and Crawley 1999a, Fenner et al. 1999, Eraser and Grime 1999, Wilby and 
Brown 2001, Frank 2003). Seedling herbivores can have large impacts on 
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community composition if they feed selectively and even though they may have tiny 
effects on community biomass, by excluding palatable species at the seedling stage 
they may dramatically alter composition and diversity (Hanley et al. 1995a). They 
will not have important effects, however, if they merely consume seedlings that 
would have died because of self-thinning (Crawley 1990, Hulme 1996b, Wilby and 
Brown 2001). Plants that have well defended seedlings are likely to be favoured in 
competition, better chemical defences are likely to be more of an advantage than fast 
growth rate because seedlings will often be unable to compensate for herbivory 
(Hanley et al. 1995a). Seedling herbivores are unlikely to be important for species 
that recruit vegetatively: although few species recruit solely in this way, many 
grassland species rarely recruit from seed (Hulme 1996b). 
Numerous feeding trials involving various slug and snail species have 
established their preference for herbaceous species over grasses (Dirzo 1980, Reader 
and Southwood 1981, Rathke 1985, Cottam 1986, Fenner et al. 1999, Iglesias and 
Castillejo 1999, Peters et al. 2000). This preference for herb seedlings means they 
can have a large impact on the species composition of the seedling community 
(Hanley et al. 1995a, 1996b, Edwards and Crawley 1999a). Some studies have been 
carried out for long enough to demonstrate that this leads to reductions in herb 
populations; in general molluscs have been shown to reduce diversity because they 
feed preferentially on these less competitive species (Hanley et al. 1995a, Wilby and 
Brown 2001). One study using slug enclosures, however, suggested that they might 
increase species richness by reducing total plant cover (Buschmann et al. 2005). 
Mollusc herbivory has also been suggested to be a factor restricting the distribution 
of montane Asteraceae species in central Germany (Bruelheide and Scheidel 1999, 
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Scheidel and Bruelheide 2001, Scheidel et al. 2003). Virtually all studies on mollusc 
herbivory have been carried out in disturbed habitats, where seedling predators might 
be expected to have a greater impact (Buschmann et al. 2005) and their role in mid-
successional grasslands is virtually unknown. There have been no long-term 
exclusions of molluscs, or insects, so the role of both groups may be underestimated 
- long-term experiments may be necessary to more fully understand plant community 
responses (Rees et al. 2001). 
Pathogens 
Plants suffer from a range of diseases and plant pathogens can have impacts 
on the population dynamics of their hosts (Jarosz and Davelos 1995, Roy et al. 2000, 
Gilbert 2002, Burdon et al. 2006). Below-ground plant pathogens have been 
implicated in negative feedbacks between plants and soil, these feedbacks could 
promote coexistence by acting in a frequency dependant manner to reduce the 
growth of abundant plant species (Mills and Bever 1998, Klironomos 2002, Bever 
2003, De Deyn et al. 2003, Bonanomi et al. 2005a, Bonanomi et al. 2005b, Ehrenfeld 
et al. 2005). Above-ground pathogens, such as foliar fungal pathogens, have 
received far less attention but they could also act to promote coexistence if they 
attack dominant species and are able to reduce their population and competitive 
ability sufficiently. Very few studies have attempted applying fungicides to 
grasslands to test this idea. Mitchell (2003) found that applying fungicides increased 
below-ground biomass in that experiment, and this did not translate into effects on 
diversity, whereas Peters and Shaw (1996) found that pathogens decreased diversity 
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and their removal benefited herbs in an early successional environment (Peters and 
Shaw 1996). 
1.5 Interactions between herbivore groups 
Given the wide diversity of herbivore groups that attack plant communities 
the potential exists for them to interact with each other and possibly modify each 
others' effects (Ritchie and Olff 1999, van Ruijven et al. 2005). Several studies have 
indicated that herbivores feeding on the same plant can interact with each other, 
either negatively (competition) or positively (facilitation) (Maron 1998, Martinsen et 
al. 1998, Hufbauer and Root 2002, Hunt-Joshi et al. 2004). These interactions are 
sometimes mediated by host chemistry so that even spatially or temporally separated 
herbivores can interact (Maron 1998, Martinsen et al. 1998). The interactions 
between herbivores may also have consequences for the plant community (Davidson 
et al. 1984, Gibson et al. 1987, Brown and Gange 1989, Gibson et al. 1990, Ritchie 
and Tilman 1992, Samson et al. 1992, Masters et al. 1993, Hill and Silvertown 1997, 
Ritchie and Olff 1999, Blomqvist et al. 2000, Van der Putten et al. 2001, Bakker and 
Olff 2003, van Ruijven et al. 2005). These effects can be dramatic, for example, in 
the Sonoran desert rodents and ants specialise to feed on species with different sizes 
of seed and interact to affect the composition of the community; ants feed on small 
seeded species and rodents on large seeded species (Davidson et al. 1984). 
Removing rodents leads to an increase in large seeded species and a consequent 
decrease in diversity (the large seeded species are more competitive) and hence in 
ant numbers. The interaction is asymmetric because removing ants increases small 
seeded species but this has no effect on the larger seeded species or on the rodents. 
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The outcome of an interaction may be very different from the effects of 
herbivores alone: VanRuijven et al. (2005) found that wireworms had a positive 
effect on diversity alone and that grasshoppers had little effect alone but that together 
they had a strong negative effect on plant diversity. The best way to look for such 
effects is by factorial exclusion of the herbivores involved, so that the effect of each 
combination can be seen. Such experiments have only rarely been attempted under 
field conditions. A review of the subject by Ritchie and Olff (1999) suggested that 
herbivore interactions could be either additive or compensatory. Additive 
interactions would arise when different groups of herbivores fed on the same plant or 
group of plants and were able to exert a stronger effect together than each would do 
alone. The alternative is a compensatory interaction where different herbivore 
groups feed on different groups of competing plants and their effects therefore 
balance each other out: they have a smaller impact together than apart. The authors 
suggested that in wet ecosystems limited by nutrients or light, large and small 
herbivores may have compensatory interactions because only the large herbivores are 
able to feed on the dominant species which are either of poor quality (nutrient 
limited) or fast growing (light limited). Small herbivores would specialise to feed on 
less dominant but more palatable species. Herbivores of a similar body size would 
have additive effects because they would feed on the same species or group of 
species. 
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1.6 Recruitment 
As well as being affected by processes such as herbivory and competition 
plant community structure may be affected by seed or dispersal limitation (Tilman 
1997, Foster and Tilman 2003, Wilsey and Polley 2003, Foster and Dickson 2004, 
Foster et al. 2004, Cadotte 2006, Moore and Elmendorf 2006, Zeiter et al. 2006). 
Diversity within plant communities may be promoted through a competition 
colonisation trade-off: this theory states that inferior competitors can coexist within a 
community because they are better dispersers and can disperse to areas where they 
are free from competition from superior competitors (Tilman 1994). This assumes 
that the superior competitors are seed limited, otherwise they would recruit 
everywhere in the community (Tumbull et al. 1999, Turnbull et al. 2000). Seed 
limitation can be tested by sowing seeds of species present in the community and 
seed-limited species would be expected to increase following seed additions 
(Tumbull et al. 2000, Clark et al. 2007). Seed limitation has been demonstrated in a 
range of communities, although in meta-analyses it has been suggested that 
undisturbed grassland communities contain few seed-limited species and that the 
availability of microsites for germination are more likely to affect recruitment than 
seed numbers (Tumbull et al. 2000, Clark et al. 2007). 
The importance of granivory will depend on the extent of seed limitation. In 
some systems granivores have large effects on species composition (Davidson et al. 
1984, Samson et al. 1992, Heske et al. 1994, Maron and Gardner 2000, Howe and 
Brown 2001) but seed predators will be unlikely to affect plant populations if 
recruitment is limited by availability of microsites (Hulme 1996b). For example, 
insect herbivores (flea beetle and cinnabar moth) that affect Senecio Jacohaea reduce 
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seed set by removing flowers, but this has no impact on population dynamics in 
grasslands in southern England, where recruitment is micro site limited. In sand 
dunes in the Netherlands the same herbivores do affect S. jacobaea populations 
because there is much bare sand so here recruitment is seed limited (Bonsall et al. 
2003). If recruitment is microsite limited, herbivores that provide more microsites 
for germination by digging or scrapes may have important positive effects on 
recruitment (Olff and Ritchie 1998, Bakker and Olff 2003). Many large herbivores 
such as cattle etc. have been shown to provide extra microsites through trampling 
(Bakker and Olff 2003). Smaller digging herbivores such as rabbits or prairie dogs 
are also very important in some systems (Huntly and Reichman 1994) and even 
insects such as ants may cause substantial soil disturbance and therefore create 
opportunities for seedling recruitment (Blomqvist et al. 2000). Seedling herbivores 
may also interact with seed limitation because losses to seedling herbivores may 
reduce the extent of seed-limitation (Hulme 1996b, Turnbull et al. 2000). If these 
losses are substantial then increasing seed input may not result in increased 
recruitment because extra seedlings will be consumed by seedling predators. 
As well as being affected by the local processes outlined above the diversity 
of a local plant community could also be affected by regional processes: plant 
species may be lacking from a local community because they are unable to disperse 
to it and not because it lacks suitable habitat (Zobel 1997, Zeiter et al. 2006). 
Metapopulation processes also assume that plant species can be lacking from suitable 
habitats due to dispersal limitation (Husband and Barrett 1996, Freckleton and 
Watkinson 2002). The importance of dispersal limitation can be assessed 
experimentally by sowing seeds of species not present in the community: successful 
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invasion of the community by the added species would indicate that diversity is 
constrained by recruitment limitation (Turnbull et al. 2000, Zeiter et al. 2006). 
Herbivory and productivity may interact with these processes by altering the 
susceptibility of a community to invasion (Crawley 1990, Wilsey and Polley 2003, 
Foster and Dickson 2004, Gross et al. 2005, MacDougall and Wilson 2007). 
1.7 The Experiments 
In this thesis I will examine the effect of competition for nutrients, herbivory 
and dispersal and the interaction between these factors, in affecting the biodiversity 
and species composition of a grassland community in Silwood Park. This thesis will 
report the results of four experiments which manipulate the abundance of four groups 
of herbivores as well as nutrient levels, soil pH and seed availability at a range of 
time-scales in an acid grassland. A long-term experiment including treatments 
manipulating concentrations of four mineral nutrients, soil pH (Chapter Two) as well 
as herbivory by insects, molluscs and rabbits (Chapter Three) was set up in 1992 by 
M.J. Crawley, see (Edwards and Crawley 1999a, Edwards et al. 1999, Edwards et al. 
2000) for earlier published results from this experiment, also see the thesis by Heard 
(1999). From this experiment I will focus on data collected by me (with assistance 
from M.J. Crawley) in 2004, 2005 and 2006. I will also use data from earlier years, 
1992 to 2001, to produce time-series, where the data were collected by M.J. Crawley 
and others. Chapter Four involves description of an experiment set up by me in 2005 
involving exclusions of insects, molluscs, rabbits and fungal pathogens, in which I 
would like to acknowledge the help of J. VanRuijven in designing this experiment, 
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but all data collection was carried out by me. Chapter Five describes data from two 
experiments I set up involving manipulations of seed sowing, plant competition and 
mollusc herbivory. J. VanRuijven assisted in the design of the experiment involving 
slug enclosures but otherwise all the work involved in these was my ovm. I 
conducted all data analysis for this thesis. 
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CHAPTER TWO 
THE RESPONSES OF A MESOTROPHIC, ACID 
GRASSLAND TO 15 YEARS OF EXPERIMENTAL 
APPLICATIONS OF NITROGEN, PHOSPHORUS, 
POTASSIUM, MAGNESIUM AND LIME 
2,1 Abstract 
Annual application of 12 combinations of nitrogen (N), phosphorus (P), 
potassium (K) and magnesium (Mg), crossed with the occasional application of lime, 
produced rapid and substantial changes in botanical composition over 15 years 
(1992-2006) in a mesotrophic grassland (MG5 Danthonia decumbens sub-
community). 
Biomass increased from 4.6 t ha"' to 9.6 t ha"' following the joint application 
of N (100kg ha ') and P (35kg ha'') for 15 years, and this increased biomass was 
associated with a monotonic decline in plant species richness. Species richness was 
greatest on the unfertilized control plots. Liming increased soil pH from an average 
of 4.7 to 7.7. Different nutrients had smaller but significant effects on soil pH, on the 
unlimed plots. Thus, inorganic N (as ammonium nitrate) was associated with reduced 
soil pH, while P (as triple superphosphate) was associated with slightly increased soil 
pH. 
The principal response was a rapid increase to dominance of Holcus mollis on 
the unlimed plots receiving N and P. On the limed N and P plots Arrhenatherum 
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elatius and Dactylis glomerata became dominant, particularly where they were 
protected against rabbit grazing. As a group, the legumes showed similar responses 
to nutrient addition: N application reduced or eliminated these species, while joint 
application of P and K increased their mean cover. Several other herb species 
increased following P (without N) addition and decreased with N addition. Rabbit 
interactions with nutrient addition are also discussed 
Dispersal-limitation was observed for only 3 out of 80 species sown 
experimentally; two of the species were confined to unfertilized plots (Centaurea 
nigra and Pilosella officinarum) while Heracleum sphondylium was most abundant 
on sown plots receiving N and P. 
2.2 Introduction 
Ecologists have long been fascinated by the question of why some areas 
support more species than others, which is linked to the question of what allows the 
coexistence of inferior competitors with dominant species. Variations in soil 
nutrients or in soil pH can have dramatic impacts on the diversity of plant 
communities and therefore on the possibilities for coexistence (Silvertown 1980, 
Coleman et al. 1987, Janssens et al. 1998, Gough et al. 2000, Mittelbach et al. 2001, 
Venterink et al. 2003, Silvertown 2004, Crawley et al. 2005, Miller et al. 2005, 
Wassen et al. 2005). Long-term experiments that manipulate these factors, show 
large effects of fertilizer addition and liming (to raise soil pH) on the botanical 
composition of grasslands (Silvertown 1980, Coleman et al. 1987, Tilman 1993, 
Crawley et al. 2005). 
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Species richness is commonly affected by productivity in terrestrial plant 
communities but the shape of this relationship varies considerably (Grime 1973, 
Kondoh 2001, Mittelbach et al. 2001, Fox 2003, Foster and Dickson 2004). At large 
spatial scales the relationship is positive but at small scales it is generally negative 
(Mittelbach et al. 2001, Crawley et al. 2005). There have also been a large number 
of experiments and theory that claims a hump-backed relationship, with diversity 
peaking at intermediate levels of productivity (Kondoh 2001, Mittelbach et al. 2001). 
Long-term fertilizer trials in mesotrophic grassland like the Park Grass Experiment at 
Rothamsted (begun in 1856; (Silvertown 1980)) and the Cockle Park Experiment at 
Newcastle (begun in 1896 (Coleman et al. 1987)) typically show biomass increases 
following N and P application, and exhibit a negative correlation between biomass 
and plant species richness. This relationship is caused by elimination of low-growing 
plant species on heavily-fertilized plots as a result of reduced light intensities close to 
the ground (Crawley et al. 2005). An increase in individual plant densities following 
fertilization (Stevens and Carson 1999) and reduced recruitment in productive plots 
due to litter accumulation (Tilman 1993) have also been proposed as explanations for 
this negative relationship in other studies. 
Production in grassland systems is generally limited by the availability of 
nitrogen or phosphorus, or may be co-limited by both nutrients, limitation by other 
nutrients is less common (Elser et al. 2007). Potassium levels are often high enough 
in the soil to not be limiting to plant growth (Sparks 2000). Rainfall also affects 
productivity: large-scale variation in grassland productivity is principally affected by 
precipitation (Rosenzweig 1968) and within mesic grasslands inter-annual variation 
in rainfall may affect biomass production (Coleman et al. 1987, Silvertown et al. 
1994). The nature of nutrient limitation has been held to have important 
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consequences for plant diversity. Nitrogen additions to natural ecosystems have 
generally negative consequences for biodiversity and both experimental increases in 
nitrogen (Crawley et al. 2005) and atmospheric deposition (Stevens et al. 2004) can 
lead to loss of species. Phosphorus may also have important consequences for 
diversity and it has been suggested that sites low in phosphorus support more species 
and more rare species than nitrogen limited ones (Wassen et al. 2005). Phosphorus 
limitation is also thought to be more important than potassium limitation, maximal 
diversity has been found at low levels of phosphorus, below optimum for plant 
growth, but at potassium levels which are optimum for growth (Janssens et al. 1998). 
Potassium limitation is often found only at higher productivities than phosphorus 
limitation (Venterink et al. 2003). 
Nutrient additions may also have impacts on community composition, other 
than through effects on biomass, because different species within a community may 
be limited by different nutrients and increases in sub-dominant species may have 
small effects on total biomass (Koerselman and Meuleman 1996). The resource ratio 
theory suggests that plants specialise to grow best at different ratios of limiting 
nutrients and that this promotes stable coexistence between them (Tilman 1982, 
Miller et al. 2005). The central principle is the idea of trade-offs; plants cannot be 
good competitors for all resources, therefore a plant that is a good competitor for 
nitrogen, may be a poor competitor for phosphorus. If this is the case, then additions 
of individual nutrients will lead to changes in community composition, those species 
that are good competitors for a nutrient will decrease following its addition and those 
that are limited by a nutrient will increase when it is added. 
Soil pH can also have important consequences for plant communities. In 
general, areas with higher pH have greater species diversity, fewer species are 
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adapted to grow well in acid areas and acidification has led to losses in species 
richness in grasslands (Bakker and Berendse 1999, Roem and Berendse 2000, Partel 
2002). Variation in pH within a community could increase opportunities for 
coexistence, if there is spatial variation in pH and species differ in their response pH. 
Nutrient addition may alter soil pH, in particular nitrogen added as ammonium 
fertilizer reduces soil pH (Bakker and Berendse 1999, Crawley et al. 2005). Soil pH 
may also affect the availability of certain nutrients to plants and therefore affect plant 
responses to fertilization, for example phosphorus availability is maximal between 
pH 6 and 7 and is lower in more acid or more alkaline soils (Sharpley 2000). 
The composition of a plant community may depend not just on environmental 
factors such as nutrient levels and soil pH but also on the species pool (Zobel 1997). 
Species may be absent from the community not because they are unable to tolerate 
the environmental conditions but because of dispersal limitation (Zeiter et al. 2006). 
This can be assessed by carrying out seed addition experiments, which involve the 
sowing of seeds of species not present in the community (Turnbull et al. 2000). Seed 
limitation may also be important for species present in the community and could be 
important in maintaining coexistence if species do not occupy all suitable habitat 
within an environment (Tilman 1994, Turnbull et al. 1999, Chesson 2000, Chave et 
ad. 2002) 
The aim of this experiment, set up in 1992, was to replicate the nutrient 
applications used in the Park Grass Experiment at Rothamsted, and to cross these 
with exclusion of various herbivores. The responses of the grassland community to 
exclusion of rabbits, insect herbivores and molluscs are described in Chapter Three. 
Here 1 concentrate on the responses of plant species of MG5 Danthonia decumhens 
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sub-community (Rodwell 1992) to lime and fertilizer application, focusing on the 
effects found in 2006, 15 years after the start of the experiment. 
2.2 Methods 
The site 
Nash's Field is a former hay meadow, unmanaged since 1979, and now 
grazed solely by rabbits {Oryctolagus cuniculus). It lies on acid, sandy soils of the 
Bagshot Series (Crawley 1990). The grassland fits comfortably within the 
mesotrophic grassland MG5 Cynosurus cristatus - Centaurea nigra: Danthonia 
decumbens sub-community (Rodwell 1992). Neither of the nominate species of the 
main community, Cynosurus cristatus nor Centaurea nigra, is present, and Nash's 
Field also lacks Agrostis stolonifera, Bellis perennis, Briza media, Cardamine 
pratensis, Carex flacca, Festuca pratensis, Heracleum sphondylium, Juncus 
articulatus , Juncus effusus, Lathyrus pratensis, Lencanthemum vulgare, Lolium 
perenne, Pimpinella saxifraga. Primula veris, Rhinanthus minor, Succisa pratensis 
and Vicia cracca that are listed as elements of this sub-community of MG5 in 
Rodwell(Rodwell). Three species are substantially more abundant in Nash's Field 
than in a typical MG5 Danthonia decumbens sub-community: namely Phleum 
bertolonii. Ranunculus repens and Veronica chamaedrys. The most distinctive 
features of the grassland in Nash's Field, however, are the abundance of the grass 
Holcus mollis (typically a plant of woodland clearings; Rodwell (1992) and the herb 
Senecio jacobaea (Crawley 2005). 
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Experimental design and layout 
This chapter describes the responses of plant species in Nash's Field to two 
experimental manipulations; application of lime and application of 12 combinations 
of four mineral nutrients; nitrogen (N), phosphorus (P), potassium, (K) and 
magnesium (Mg). These two treatments are part of a larger experiment in which 
herbivores (insects, molluscs and rabbits) are manipulated (as described in Chapter 
Three). A further experimental treatment involved assessment of competitor release 
and invasibility when contrasting plant groups were reduced using selective 
herbicides (minus grass, minus herbs and unmanipulated controls), the results of 
which are to be reported elsewhere. 
The experiment is a complex split-plot design (Crawley 2007b); the eight 
largest plots (20m x 20m) receive insecticide x molluscicide treatments (Figure 2.1 
and Chapter Three). The large plots were split in half, and one half, selected at 
random, fenced to exclude rabbits (Crawley 1990). Each rabbit treatment plot was 
split in half and one half, selected at random, was treated with lime as described 
below. Each of the lime treatments was split into three, and allocated at random to be 
treated with grass-killing herbicide, herb-killing herbicide or to be left alone as an 
untreated control. Each herbicide treatment was then divided into 12 plots (each 2m 
X 2m) arranged in 3 columns of 4 plots. Nutrient treatments in adjacent pairs (e.g 
plus N and minus N) were allocated at random, independently for each herbicide 
plot. 
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FIG. 2.1: the layout of the eight blocks in the experiment (not to scale) and the position of 
the rabbit fences within them. In the competition treatments "control" refers to untreated 
control plots, "minus herbs" to plots treated with herb specific herbicide, "minus grass" to 
plots treated with grass specific herbicide. Fertilizer codes used in this figure are followed in 
all subsequent figures: minusMg = nitrogen, phosphorus and potassium; All = nitrogen, 
phosphorus, potassium and magnesium; minusK = nitrogen, phosphorus and magnesium; 
minusPK = nitrogen and magnesium; minus? = nitrogen, potassium and magnesium; N = 
nitrogen; PK = phosphorus and potassium; P= phosphorus; minusN = phosphorus, potassium 
and magnesium; O = no nutrients; K = potassium; Mg = magnesium. Blocks K and L were 
controls; M and Q received insecticide only N and P molluscicide only and R and S 
insecticide and molluscicide (see Chapter Three). 
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Treatments 
Lime was applied in February at a rate of 20 tonnes ha"' to plots measuring 
18m X 8m in the years 1992, 1993, 1994, 1999 and 2003, with the result that by 
autumn 2006, three years after the last lime application, mean soil pH had been 
increased from 4.6 on the control plots to 7.5 on the hmed plots. 
Four mineral nutrients were applied to 2m x 2m plots at rates comparable to 
those used in the Park Grass Experiment at Rothamsted (see Crawley et al. 2005 for 
details); nitrogen (N) (in the form of ammonium nitrate) at 100 kg N ha"', 
phosphorus (P) (as triple super-phosphate) at 35kg P ha"', potassium (K) (as muriate 
of potash) at 225kg K ha"' and magnesium (Mg) (as magnesium sulphate) at 11kg 
Mg ha"'. Twelve of the 16 possible factorial combinations of these four nutrients 
were selected on the basis of responses observed at Park Grass. Pairs of nutrient 
treatments were applied to adjacent plots for teaching purposes: all nutrients ("All" is 
N, P, K and Mg) versus none (O); nitrogen alone ("N"), versus everything but 
nitrogen (thus, "minus N" is P, K and Mg), phosphorus alone ("P"), versus 
everything but phosphorus ("minus P" is N, K and Mg), potassium alone ("K"), 
versus everything but potassium ("minus K" is N, P and Mg); magnesium alone 
("Mg"), versus everything but magnesium ("minus Mg" is N, P and K) and 
potassium and phosphorus ("PK") versus everything but potassium and phosphorus 
("minus PK" is N and Mg). 
Seed limitation 
Seeds of 80 species (Table 2.1) were sown experimentally at rate of roughly 100 
seeds per species m"^  in spring 1996 into the southern half of each of two of the 12 
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nutrient addition treatments (Mg and minus Mg, creating adjacent Im x 2m sown and 
unsown split-plots within each of the Mg treatments). 
Table 2.1; a list of the species sown into the grassland in 1996. Seeds were supplied by John 
Chambers' Wild Flowers Seeds, Kettering, NN15 5AJ, UK. All species were tested for 
germination rate and susceptibility to insecticide and molluscicide in greenhouse trials as 
reported by Heard (1999). 
Species in sowing mix 
Achillea millefolium Malva moschata 
Agrimonia eupatoria Medicago lupulina 
Agrimonia procera Onobiychis viciifolia 
Anthriscus sylvestris Ononis repens 
Anthy 11 is vulneraria Ononis spinosa 
Bellis perennis Origanum vulgare 
Campanula glomerata Papaver rhoeas 
Campanula rotundifolia Pilosella officinarum 
Centaurea cyanus Pimpinella saxifraga 
Centaurea nigra Plantago lanceolata 
Centaurea scabiosa Plantago media 
Cerastium fontanum Primula veris 
Chaerophyllum temulum Primula vulgaris 
Cichorium intybus Prunella vulgaris 
Clinopodium vulgare Ranunculus acris 
Conopodium majus Reseda lute a 
Daucus carota Reseda luteola 
Digitalis purpurea Rhinanthus minor 
Epilobium parviflorum Rumex acetosa 
Filipendula ulmaria Sanguisorba minor 
Filipendula vulgaris Saxifraga granulata 
Fragaria vesca Scabiosa columbaria 
Galium verum Silaum silaus 
Genista tinctoria Silene conica 
Geranium pratense Silene dioica 
Heracleum sphondylium Silene latifolia 
Hippocrepis comosa Silene vulgaris 
Hypericum hirsutum Stachys officinalis 
Hypericum perforatum Stellaria graminea 
Hypochaeris radicata Succisa pratensis 
Knautia arvensis Tanacetum vulgare 
Lathyrus pratensis Thymus praecox subsp. arcticus 
Leontodon autumnalis Tor His japonica. 
Leontodon hispidus Tragopogon pratensis 
Leucanthemum vulgare . Trifolium dubium 
Linaria vulgaris Trifolium repens 
Linum catharticum Veronica chamaedrys 
Lotus corniculatus Vicia cracca 
Lotus uliginosus Vicia sativa. 
Lychnis flos-cuculi Vicia tetrasperma 
41 
Nutrients and lime in Nash's Field Chapter 2 
Data collection 
The entire experiment was surveyed in 2006, when the percentage cover of 
all vascular plant species was estimated by eye in each 2m x 2m plot. Total 
percentage cover could sum to more than 100%, due to overlapping vegetation. 
Percentage cover of all bryophytes as well as dead organic matter and bare ground 
were estimated. In order to look at trends over time, sorted biomass data from 1992-
2000 and 2004 and 2006 were used. Biomass samples were collected in August of 
each of these years, when a sample 25cm x 50cm from the centre of each plot was 
cut using scissors and sorted to species: samples were then dried at 80°C and 
weighed. All the biomass data came from unlimed plots, to which herbicides had 
never been applied. Rainfall data were collected from the Silwood weather station 
on the lawn in front of Silwood Manor House. 
Statistical methods 
Data were analysed using a nested analysis of variance. Using the syntax of 
the R system (Crawley 2007b), the error structure is defined as 
Block/Rabbits/Lime/Herbicide/Fertilizer 
with the largest plots (Block) on the left and the smallest plots (Fertilizer) on the 
right. Explicit account of this spatial structure amongst the random effects takes care 
of the pseudoreplication that would otherwise apply to treatments applied at larger 
plot sizes. The analysis of variance function aov (R Development Core Team 2006) 
incorporates the nested random effects for a response variable y (which may be 
transformed) (see Table 2.2 for a sample analysis with 2000 total biomass data) 
aov(y~Block+Rabbits*Lime*Herbicide*Fertilizer 
+Error(Block/Rabbits/Lime/Herbicide)) 
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Different response variables were analyzed using different transformations. 
For total biomass, normal errors and constant variance were assumed, so un-
transformed values were used. For percentage cover of each species the percentage p 
was arc-sine transformed to obtain the response variable >> (y =sin ' ^/>/100 ). Note 
that symmetric standard error bars on the plots of species cover versus nutrient 
treatment are calculated from the untransformed percentage data, but all of the p 
values given in the text come from the split-plot anova using the arc sine-transformed 
values. For species-richness data, Poisson errors were assumed and a generalized 
linear mixed model was used to specify the nesting of the random effects (as above), 
using the lme4 packeage (Bates and Sarkar 2007). For presence/absence data, 
binomial errors were assumed and a generalized linear mixed model was used to 
specify the nesting of the random effects. See Crawley (2007b) for further details. 
All analyses were conducted using the R 2.5 statistical programme (R Development 
Core Team). 
2.3 Results 
Total biomass 
In all years, total biomass was greatest on the plots receiving both N and P, 
and lowest on plots receiving neither of these nutrients (see Figure 2.2). In 1994, 
only the addition of nitrogen and phosphorus together increased total biomass, so the 
twelve-level factor fertilizer was replaced by a two level factor (with levels NP and 
others) following factor level reduction, the explanatory power of the model was not 
reduced by this simplification (p=0.18). 
In 1997 (Figure 2.2), factor level reduction led to a five-level factor (which 
did not reduce the explanatory power of the model, p=0.45), plots with N, P and K 
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added (All and minus Mg) had maximum biomass, followed by plots with only N 
and P (minus K), then plots with N but not P (N, minus P, minus PK), plots with P 
but not N (P, minus N, PK) and finally plots with neither N nor P (O, K, Mg). 
Magnesium had no effect on biomass on its own or in combination with any other 
nutrients, while K only had an effect when combined with N and P. 
In 2000, (Table 2.2; Figure 2.2) model simplification involved reducing the 
12-level factor for fertilizer to a 4-level factor (with levels NP, N, P and none) which 
did not significantly reduce the explanatory power of the model (p = 0.475). The 
three treatments including both N and P had maximal biomass (minus Mg, All and 
minus K), followed by the three treatments including N but not P (minus PK, minus 
P and N), then the three treatments including P but not N (PK, P and minus N), and 
finally the three treatments including neither N nor P (O, K and Mg). There was no 
effect of K or Mg application on total biomass compared with the unfertilized control 
plots. 
In 2006, (Figure 2.2) the twelve level factor was replaced by a five level 
factor(which did not reduce the model's explanatory power p=Q.9\): maximum 
biomass was on NPK plots (All, minus Mg), followed by plots receiving only N and 
P (minus K), plots receiving N and K (minus P), plots receiving N or P (N, P, minus 
N, minus PK, PK) and finally plots receiving neither N nor P (O, Mg, K). 
The ranking of the fertilizer treatments, left to right in order of decreasing 
mean biomass, using the ranked order from 2000 (Figure 2.2) is used in all 
subsequent barplots to indicate the location of, for example, species richness on a 
continuum from maximum to minimum biomass. 
The response to the addition of nitrogen and phosphorus, was rapid and at the 
end of the first growing season in 1992, biomass had already nearly doubled from 2.8 
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tonnes ha"' to 4.96 tonnes ha"' (p<0.001). Biomass remained higher on NPK plots in 
all subsequent years. 
Interactions with rabbits 
Rabbit grazing affected the impact of fertilization with nitrogen (Figure 2.2). 
On the rabbit-grazed plots, addition of nitrogen on its own did not increase biomass 
compared with unfertilized control plots because the rabbits were strongly attracted 
to these plots, as judged by the density of rabbit droppings (Olofsson et al. 2007). 
Inside the rabbit fences, however, fertilization with nitrogen alone did increase total 
biomass. The interaction between fertilization and grazing was significant in 1994 
(p=0.046), 2000 (p<0.01) and 2006 (p=0.03), and close to significance in 1997 
(p=0.07). Fertilization with nitrogen and phosphorus together increased biomass on 
both the grazed and fenced plots (Figure 2.2). 
Total biomass was affected by rainfall, particularly on the plots fertilized with 
N, P and K. On these plots, combined May and June rainfall explained 48% of the 
variance in biomass (Figure 2.3), rainfall in other months did not explain a 
significant amount of variance. On the unfertilized plots, rainfall explained a smaller 
fraction of the variance and May and June rainfall did not significantly affect 
biomass; total rainfall during April rainfall was marginally significant, however, 
(Figure 2.3) and explained 21% of the variance. 
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FIG. 2.2; The effect of twelve combinations of nitrogen, phosphorus, potassium and magnesium on total vascular plant biomass (g) in 1994, 1997, 2000 and 
2006. Biomass was sampled using a 25cm x 50cm quadrat. Data are fiom unlimed plots with and without rabbit grazing. The bars are ranked left to right 
with decreasing biomass, using the ranked order from 2000 (averaged across rabbit fencing). Error bars are +/- one standard error of the mean 
(untransformed). Fertilizer codes are as shown in Figure 2.1. 
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FIG. 2.3: total biomass and rainfall between 1992 and 2006. In the time series plots (a) and 
(c), dotted lines show missing data, i.e. there is no data from 2001 to 2003 or from 2005.(a) 
time series of biomass between 1992 and 2006 on plots fenced against rabbits and fertilized 
with nitrogen (N), phosphorus (P), potassium (K) and magnesium (Mg) (black lines) and 
combined rainfall during May and June (blue lines), rainfall was lowest in the severe drought 
of 1995 to 1996. (b) scatterplot of biomass (on fenced plots fertilized with N, P, K and Mg) 
against combined May and June rainfall, relationship is significant (p=0.01, 9 d . f ) a linear 
model of biomass (y) against rainfall (x) gave y=0.76x+33 explaining 48% of the variance, 
(c) time series of biomass between 1992 and 2006 on unfertilized plots fenced against rabbits 
(red lines) and April rainfall (blue lines), (d) scatterplot of biomass (on unfertilized fenced 
plots) against April rainfall, relationship is marginally significant (p=0.08, 9 d . f ) a linear 
model of biomass (y) against rainfall (x) gave y=0.17x+19, explaining 21% of the variance. 
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Table 2.2: sample analysis of total biomass in 2000, showing the nesting structure of the 
factors. "Insect" refers to insecticide treatments and "Mollusc" to molluscicide, see methods 
for details of the experimental design and treatments 
Error: Block 
Pr(>F) 
0.07465 . 
0.78566 
0.90962 
Insect 
Mollusc 
Insect:Mollu3c 
Residuals 
Df 
1 
1 
1 
4 
Sum Sq Mean Sq 
81779 81779 
1204 
208 
56962 
1204 
208 
14241 
F value 
5.7427 
0.0846 
0.0146 
Error: BlockiRabbit 
Rabbit 
lDsect:Rabbit 
Mollusc:Rabbit 
Insect:Mollusc:Rabbit 
Residuals 
Df 
1 
1 
1 
1 
4 
Sum Sq Mean Sq 
52860 52860 
52673 
7224 
7759 
33525 
52673 
7224 
7759 
8381 
F value 
6.3068 
6.2845 
0.8619 
0.9258 
Pr(>F) 
0.06596 . 
0 . 0 6 6 2 8 . 
0.40575 
0.39045 
Df 
Error: Block:Rabbit:Lime 
Lime 
Insect:Lime 
Mollusc:Lime 
Rabbit:Lime 
Insect:Molluac:Llme 
Insect:Rabbit:Lime 
Mollusc:Rabbit:Lime 
Insect:Mollusc:Rabbit:Lime 
Residuals 
Error: Block:Rabbit:Lime:Herbicide 
Sum Sq Mean Sq 
5337.4 5337.4 
549.2 
5305.5 
4584.2 
83.9 
484.7 
671.8 
1869.3 
19280.5 
549.2 
5305.5 
4584.2 
83.9 
484.7 
671.8 
1869.3 
2410.1 
value 
.2146 
.2279 
.2014 
.9021 
.0348 
.2011 
.2788 
.7756 
Pr(>F) 
0.1750 
0.6459 
0.1762 
0.2052 
0.8567 
0.6657 
0.6118 
0.4042 
Df Sum Sq Mean Sq F value Pr(>F) 
Herbicide 2 7896 3948 2. .2687 0. .11984 
Insect:Herbicide 2 6724 3362 1. .9319 0. .16140 
Mollusc:Herbicide 2 2042 1021 0. .5866 0. .56208 
RabbitiHerbicide 2 602 301 0. .1728 0. .84205 
Lime:Herbicide 2 5200 2600 1. .4940 0. .23971 
Insect:Mollusc;Herbicide 2 15531 7765 4, .4624 0, .01953 * 
Insect:Rabbit:Herbicide 2 3099 1550 0. .8905 0. .42036 
Mollusc:Rabbit:Herbicide 2 7456 3728 2. .1423 0. .13391 
Insect:Lime:Herbicide 2 344 172 0. .0988 0. .90620 
Mollusc:Llme:Herbicide 2 14520 7260 4. .1719 0. .02455 * 
Rabbit:Lime:Herbicide 2 1924 962 0. .5529 0. .58070 
Insect:Mollusc:Rabbit:Herbicide 2 5098 2549 1. .4647 0. .24623 
Insect:Mollusc:Lime:Herbicide 2 17212 8606 4. .9453 0, .01344 * 
Insect:Rabbit:Lime:Herbicide 2 188 94 0, .0539 0, .94762 
Mollusc:Rabbit:Lime:Herbicide 2 2886 1443 0, .8291 0, .44560 
Insect;Mollusc:Rabbit:Lime:Herbicide 2 11689 5845 3, .3586 0, .04742 * 
Residuals 32 55687 1740 
Error: Within 
Df Sum Sq Mean Sq F value Pr(>F) 
Fertilizer 11 224888 20444 16 8163 < 2e-16 *** 
Insect:Fertilizer 11 27835 2530 2 0814 0 01961 * 
Mollusc:Fertilizer 11 13320 1211 0 9961 0 44815 
Rabbit:Fertilizer 11 24156 2196 1 8063 0 04930 * 
Lime:Fertilizer 11 14215 1292 1 0629 0 38892 
Herbicide:Fertilizer 28028 1274 1 0479 0 40137 
Insect:Mollusc:Fertilizer 11 13598 1236 1 0168 0 42928 
Insect:Rabbit:Fertilizer 11 10816 983 0 8088 0 63135 
Mollusc:Rabbit:Fertilizer 11 20642 1877 1 5435 0 11129 
Insect:Lime:Fertilizer 11 7056 641 0 5276 0 88530 
Mollusc:Lime:Fertilizer 11 12276 1116 0 9180 0 52230 
Rabbit:Lime:Fertilizer 11 12872 1170 0 9625 0 47946 
Insect:Herbicide:Fertilizer 22 29542 1343 1 1045 0 33537 
Mollusc:Herbicide:Fertilizer 22 46373 2108 1 7338 0 01990 * 
Rabbit:Herbicide:Fertilizer 22 25041 1138 0 9362 0 54629 
Lime:Herbicide:Fertilizer 22 22618 1028 0 8456 0 66857 
Insect:Mollusc:Rabbit:Fertilizer 11 19025 1730 1 4226 0 15754 
Insect:Mollusc:Lime:Fertilizer 11 22015 2001 1 6462 0 08169 . 
Insect:Rabbit:Lime:Fertilizer 11 13965 1270 1 0443 0 40498 
Mollusc:Rabbit:Lime:Fertilizer 11 14494 1318 1 0838 0 37133 
Insect:Mollusc:Herbicide:Fertilizer 22 39928 1815 1 4928 0 06836 . 
Insect:Rabbit:Herbicide:Fertilizer 22 36019 1637 1 3467 0 13286 
Mollusc:Rabbit:Herbicide:Fertilizer 22 15097 686 0 5645 0 94660 
Insect:Lime:Herbicide:Fertilizer 22 23898 1086 0 8935 0 60421 
Mollusc:Lime:Herbicide:Fertilizer 22 41659 1894 1 .5575 0 .04985 * 
Rabbit:Lime:Herbicide:Fertilizer 22 25313 1151 0 9464 0 53253 
Insect:Mollusc:Rabbit:Lime;Fertilizer 11 17024 1548 1 2730 0 23549 
Insect:Mollusc:Rabbit:Herbicide:Fertilizer 22 15811 719 0 5911 0 .93127 
Insect:Mollusc:Lime:Herbicide:Fertilizer 22 33949 1543 1 2693 0 18326 
Insect:Rabbit:Lime:Herbicide:Fertilizer 22 45894 2086 1 7159 0 02192 * 
Mollusc:Rabbit:Lime:Herbicide:Fertilizer 22 29917 1360 1 1185 0 .32005 
Insect:Mollusc:Rabbit:Lime:Herbicide:Fertilizer 22 26846 1220 1 0037 0 45689 
Residuals 720 875339 1216 
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Species richness 
Species richness per 2x2m plot in 2006 ranged between 1 and 23 declining 
significantly with increasing biomass (Figure 2.4) 
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FIG. 2.4: Species richness in 2m x 2m plots plotted against aboveground biomass estimated 
from a 25cm x 50cm quadrat. A log-linear model for species richness (y) as a function of 
biomass (x) gave y=exp(2.51356 - 0.00314 x). There was no significant effect of lime on this 
relationship, nor any interaction between liming and biomass (p = 0.794). 
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Addition of N and P together had the greatest negative effect on species 
richness, addition of N without P also reduced richness but addition of P without N 
did not (Figure 2.5). No fertiliser treatment increased species richness above the 
unfertilised controls. 
12 
10 
B -
f. 6 -
4 -
e -
- t 
- t 
- t -
0+-
FIG. 2.5: Effect of fertilizer treatment on (arithmetic) mean species richness in 2m x 2m 
plots. Fertilizer codes as in Figure 2.1. Error bars are +/- one standard error of the mean and 
are calculated from untransformed values. There was a significant rank correlation between 
mean species richness and mean total biomass (n = 12, rho = 0.95, p < 0.00001). Bars are 
arranged left to right from highest to lowest biomass (using the rank order from 2000). 
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The effect of adding N and P together on species richness, was rapid (see 
Figure 2.6) and by 1994 the effect was significant (p<0.01). The decline in richness 
on plots receiving all nutrients was more rapid inside the rabbit fences than outside 
and by 1995 species richness had declined to 3.1 species on the fenced all nutrient 
plots. Another species was lost by 1998, after which no further decrease was 
observed. On the grazed plots, the decline was slower and there were still 5.2 
species on grazed "All" plots in 1998, however by 2000 richness had declined to 3.2 
species and one more was lost by 2006, when species richness on "All" plots was the 
same on fenced and grazed plots. Species richness varied on the control (O) plots 
but there was no trend over the fifteen years of the experiment. There was a decline 
in 1995, following the severe drought (Figure 2.3), but species richness had 
recovered by 1999. 
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FIG. 2.6: time series of total species richness between 1992 and 2006 on plots receiving all 
nutrients (black lines) and on unfertilized control plots (red lines). Data for rabbit grazed 
plots (dashed lines) and fenced plots (solid lines) are shown. Species richness measures are 
from 50cm x 25cm sorted biomass samples. Error bars are +/- one standard error of the 
mean, calculated from untransformed data, statistical modelling was done using square-root 
transformed data. There was no data from 2002-2003 or from 2005. 
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Soil pH in response to fertilizer and lime application 
By 2007, lime application had increased mean soil pH from 4.7 to 7.7 on the 
unfertilized control plots and from 4.5 to 7.5 on the plots receiving both N and P. 
The effects of different fertilizer applications on mean soil pH (Figure 2.7) 
were much smaller than the effects of liming, but nevertheless these effects were 
highly significant. The biggest negative effect was the reduction in pH caused by the 
application of N alone, which reduced pH by 0.6, and the biggest positive effect was 
the increase in pH caused by the application of P alone, which raised soil pH by 0.1 
(Figure 2.7). Soil pH was lower on the highest-yielding plots receiving both N and P 
(the left-most bars) than on the lower-yielding plots (the right-most bars) (Figure 
2.7), indicating that the negative effects on soil pFI of N addition outweigh the 
positive effects of P addition, perhaps as a result of increased off take of nutrients 
from the high biomass plots in the hay crop and/or through rabbit grazing. 
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FIG. 2.7: Effect of fertilizer on pH of soil, measured in 2007, on the plots not receiving lime. 
Fertilizer codes as in Figure 2.1. Error bars are +/- one standard error of the mean. Fertilizer 
had a significant effect on pH on the unlimed plots {p< 0.00001). Bars are ordered left to 
right in order of decreasing total biomass (using rank order from 2000; Figure 2.3). 
Total percentage cover of herbs 
The total percentage cover of herbs (both legumes and non leguminous herbs), was 
affected by fertilization (p<0.0001) and by an interaction between rabbit grazing and 
fertilization (p<0.0001) (see Figure 2.8). On the grazed plots, none of the nutrient 
treatments increased the total cover of herbs but addition of N and P together (All, 
minus K, minus Mg) reduced total cover, this was the only nutrient combination to 
reduce cover. On the fenced plots addition of P alone or with K (P, PK, minus N) 
significantly increased total herb cover (p<0.01). Addition of N alone or with K (N, 
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minus PK, minus P) reduced herb cover (p<0.01) and addition of N and P together 
further reduced herb cover (p<0.0001). Addition of K on its own had no effect. Mg 
plots had higher herb cover, due to the presence of sown species (see below). An 
interaction between liming and fertilization was also significant (p<0.00l): on the 
NP plots liming raised the total herb cover 2 fold but had no effect on the other 
nutrient treatments. 
30 
25 
20 
-n 15 
1 0 -
0 
• Fenced 
o Grazed 
m 
± 
O ^ 
FIG. 2.8: total percentage cover of herbs (legumes and non-leguminous) on each 
nutrient treatment, in grazed and fenced plots. Fertilizer codes are as Figure 2.1. 
Error bars are +/- one standard error of the mean and are calculated from 
untransformed data. Bars are arranged from left to right in order of decreasing 
biomass (using the ranked order from 2000). 
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Responses of individual species 
The species' responses to lime and nutrient application are described under 
three taxonomic headings: 1) grasses, sedges and rushes, 2) legumes and 3) other 
(i.e. non-leguminous) herbs. Table 2.3 summarises the responses to nutrients and 
Table 2.4 the responses to liming. Appendix 2.1 contains barplots for each species 
which show mean plant cover (%) in 2006, the nutrient levels are ranked, left to 
right, by declining mean biomass as measured in 2000 (as in Figure 2.2) so as to 
indicate whether species peak in relative abundance on high, medium or low biomass 
plots, or whether the application of a particular nutrient controls their relative 
abundance. Unless otherwise specified data are percentage cover values from 2006. 
Grasses, sedges and rushes 
Holcus mollis 
This species is not a typical grassland plant (Rodwell 1992), but it is common 
in Nash's Field and responded vigorously to the joint addition of N and P. As I 
describe in detail elsewhere (Chapter Three) the grass also responded strongly to the 
exclusion of insect herbivores using pesticides. There was a highly significant 
interaction between fertilizer and liming (Figure 2.7; /'<0.00001). 
The strong positive correlation between H. mollis cover and total biomass 
reflects the fact that H. mollis was the dominant component of biomass on plots 
receiving N and P. Addition of N or P alone caused a significant increase in cover 
on the unlimed plots, but adding P alone did not increase abundance on the limed 
plots. There was no response to K or Mg. Liming reduced mean cover by roughly 
half, from 39.1% to 21.1%. Adding covariates to the model for total biomass (a 
positive effect) and soil pH (a negative effect) caused a significant improvement in 
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the fit of the model (p<0.001). There were no main effects of rabbit grazing on this 
species but there was a rabbit x insect interaction (Chapter Three). 
Agrostis capillaris 
There was a negative correlation between total biomass and mean cover of A. 
capillaris, with minimum abundance on plots receiving both N and P. Peak cover of 
A. capillaris was on plots receiving N alone (N and minus PK) indicating that this 
species is a poor competitor for N but it is a strong competitor for P, as evidenced by 
the fact that mean cover was significantly lower on plots receiving P alone than on 
the unfertilized control plots. There was no response to K or Mg. 
A. capillaris was highly intolerant of lime, and application of lime reduced 
mean plant cover from 22.7% to 2.2%. There was a highly significant interaction 
between fertilizer and liming ^ <0.00001). A. capillaris was also affected by soil pH 
on the control plots (no nutrients added) a negative pH term was significant in 
analysis of A. capillaris biomass as was an interaction between pH and total biomass. 
There were no main effects of rabbit grazing on this species but there was a rabbit x 
insect interaction (Chapter Three). 
Festuca rubra 
F. rubra is a good competitor for both N and P, as addition of P reduced 
mean cover slightly (from 31.6% to 28.6%) and addition of N reduced mean cover 
substantially (from 31.6% to 11.3%). Addition of both N and P reduced mean cover 
more than five-fold (to 5.7%), where it loses out in competition to //. mollis. 
Liming increased mean cover of F. rubra more than 1.6-fold (from 19.3% to 
32.3) and there was a significant interaction between liming and fertilizer application 
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(p<0.01). On the hmed plots F. rubra did not respond to P when applied alone 
(unlike on the unlimed plots) but addition of N alone caused a significant reduction 
in mean cover (N and minus PK) and cover was reduced further by the joint addition 
of N and P (minus K, All and minus Mg) or N and K (minus P). There was no 
response to K or Mg alone on either limed or unlimed plots. There were no main 
effects of rabbit grazing on this species but there was a rabbit x insect interaction 
(Chapter Three). 
Arrhenatherum elatius 
A. elatius is a good light competitor and became dominant (with D. 
glomerata) on productive limed plots, where it was protected from rabbit grazing. A. 
elatius increased six-fold in mean cover following lime application (from 4.9% to 
30.1%; p<0.00001) and increased 2.2 fold inside the rabbit fences, on NPK plots 
(p<0.01). 
The nutrients that limited its growth depended on whether the soil had been 
limed (liming x fertilizer interaction ^<0.001). On unlimed plots it was principally 
limited by P (it increased 3.6 fold with application of P alone) and N and P (it 
increased 4.5 fold with application of N and P). On limed plots N and K limitation is 
more important: the addition of N and K together maximized cover of A. elatius on 
the limed plots (minus Mg, All and minus P) but there were no responses to any of 
the nutrients when added singly (N, K, P, or Mg) and in contrast to the unlimed plots, 
there was no response to P (either P alone or N plus P (minus K)). 
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Luzula campestris 
L. campestris is a good competitor for both N and P and declined 
significantly in abundance when either nutrient was added singly, and was virtually 
eliminated when both nutrients were added together (minus Mg, All and minus K). 
The only K effect was in interaction with N, there was a significant reduction in 
cover from N alone to NK (minus P). Neither K nor Mg had any effect when applied 
alone. 
The woodrush was highly intolerant of lime, and declined from a mean cover 
of 3.7% on the unlimed plots to just 0.9% following lime application 
(/7<0.001).There was also a highly significant interaction between fertilizer and 
liming treatments (p < 0.00001), so that L campestris did not respond negatively to P 
alone or to NK more than N alone, on the limed plots. 
Anthoxanthum odoratum 
Mean cover of A. odoratum was increased significantly by the application of 
N alone (N and minus PK) from 11.3% to 13.5% (p<0.05), on unlimed plots. This 
suggests that A. odoratum is a poor competitor for N and perhaps a good competitor 
for P and K, although it did not decline when these nutrients were added alone. It 
declined on productive plots; there was a substantial reduction in cover when N and 
P were applied together (from 11.3% to 0.7% on minus Mg, All and minus K; /> < 
0.00001). 
A. odoratum is highly intolerant of lime, and lime application reduced 
average cover from 8.8% to 1.2%. There was also a highly significant interaction 
between fertilizers and liming (p<0.00001). On limed plots, the addition of N alone 
caused significantly reduced cover (in marked contrast to the unlimed plots, above). 
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Addition of N and P together virtually eliminated A. odoratum from limed plots, as 
on unlimed plots. A. odoratum is palatable to rabbits as shown by its 2.7 fold 
decrease with rabbit grazing (p<0.01), on the unlimed plots. 
Holcus lanatus 
Alone amongst the common grasses of Nash's Field, H. lanatus showed no 
response to liming and there was no interaction between nutrient addition and liming 
(p=0.62). A significant negative covariate for total biomass improves the model 
(p<0.0001) but there is no effect of soil pH (p=0.08). H. lanatus also did not how 
consistent responses to nutrient additions. 
Dactylis glomerata 
This grass increased on productive plots where soil pH had been raised and 
rabbits excluded. Mean cover increased from 0.3% to 3.4% following repeated lime 
application and mean cover increased 5.7 fold with exclusion of rabbits (p<0.001). 
This grass was limited by N and K on both limed and unlimed plots: addition of 
these nutrients (All and minus P) increased mean cover. There was also a significant 
interaction between fertilizer response and lime treatment (p<0.001); On limed plots 
cover is increased by N and K together (minus P) and reduced by P and K together, 
but the variance is high and typically similar fertilizer combinations (e.g. All and 
minus K) show rather different responses. This may suggest D. glomerata is a good 
competitor for P on limed plots. 
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Phleum bertolonii 
P bertolonii was a poor competitor for N and to a lesser extent P on the 
unlimed plots: it increased in mean cover following application of N alone (N and 
minus PK) and was all but absent from the unfertilized control plots and from the 
plots receiving K or Mg alone. This grass species responded positively to the 
application of lime, increasing from 0.19% on the unlimed plots to 0.67% after 
repeated liming. This makes the response to N addition on unlimed plots surprising, 
since N application was typically associated with reduced soil pH (see above). There 
was a significant interaction between fertilizer and lime application (p<0.001) on 
limed plots it responded strongly to the addition of N alone but not to NK or any 
treatments involving P addition, although there was substantial variation in response 
to the three treatments including both N and P on the limed plots (minus Mg, All and 
minus K which has the lowest mean cover). P bertolonii was reduced by rabbit 
grazing on the unlimed plots (p=0.03) where it was absent from grazed plots. 
Danthonia decumbens 
This grass was highly intolerant of lime and was reduced from a mean cover 
of 0.12% on the unlimed plots to 0.0017% on limed plots where it occurred on a just 
a single limed plots. On unlimed plots this grass was evidently a good competitor for 
both N and P because it was dramatically reduced by the addition of P alone (P and 
minus N) or N alone (N and minus P), and was essentially eliminated by the addition 
of N and P together (minus Mg, All and minus K). 
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Legumes 
All of the legumes (Lotus corniculatus, Trifolium repens, Trifolium dubium, 
Trifolium pratense and Vicia sativa) showed similar responses to nutrients and lime. 
They were clearly good competitors for N as application of P and K together 
significantly increased their mean cover. Adding P or K separately, however, had no 
effect on mean cover. Application of N, either alone or in combination with P or K, 
nearly eliminated legumes. 
Liming generally increased legume abundance although Lotus corniculatus 
was unaffected by liming. The response to P and K was altered for Lotus 
corniculatus by liming, however: it was no longer increased by these nutrients on 
limed plots. For all the other legumes, the positive effects of P and K application 
together were also seen on limed plots. None of the legumes were affected by rabbit 
grazing in 2006 but there were significant, negative rabbit effects on Vicia sativa in 
2004 (p<0.001) and 2005 (p<0.01). The total percentage cover of legumes was 
affected by a significant rabbit x fertilizer interaction (p<.00001). On the fenced 
plots legume cover increased 5.6 fold with PK addition but on the grazed plots this 
increase was only 2 fold. 
Non leguminous herbs 
Rumex acetosa 
This species was a good competitor for K and N on the unlimed plots as 
mean cover was lower than the unfertilized controls on plots receiving K alone or N 
with K (minus P). Mean cover was lowest on the high biomass plots receiving N and 
P together (minus Mg, All and minus K). Application of lime roughly halved the 
mean cover of R. acetosa (from 2.7% to 1.4%; /><0.001). There was also a 
62 
Nutrients and lime in Nash's Field Chapter 2 
significant interaction between liming and fertilizer application O<0.00001). On the 
limed plots it appeared to be N limited as it was increased by application of N alone. 
The mean cover was still lowest on the plots receiving N and P together but in 
contrast to the unlimed plots there was no negative effect of K or N and K (minus P). 
There was no significant effect of grazing on this species. 
Rumex acetosella 
On unlimed plots, R. acetosella appears to be a poor competitor for N and K 
as it increased maximally with the application of these nutrients together (minus P) 
and also with either nutrient alone. Its responses were, however, idiosyncratic, with 
minus N increasing cover but the other P addition treatments not. R. acetosella was 
very intolerant of lime, and the liming treatment reduced mean cover from 1.01% to 
0.030% (P=0 .03 ) . There was no significant interaction between fertilizer and liming 
treatment (p=0.21). There was no significant effects of rabbit grazing on this 
species. 
Veronica chamaedrys 
V. chamaedrys appears to be a good competitor for N and K and a poor 
competitor for P as there is a pronounced peak in mean cover on the plots receiving P 
alone and addition of N alone or in combination with other nutrients caused a 
significant reduction in mean cover (p<0.0001) as did addition of K alone (p<0.01). 
V. chamaedrys showed a four-fold increase in mean cover with the application of 
lime (from 0.62% to 3.07%; ^<0.0001).. There was also a significant interaction 
between fertilizer application and liming (p<0.001). On limed plots the negative 
effect of K alone was not significant but addition of N on its own or with other 
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nutrients still caused a significant reduction in mean cover of V. chamaedrys and, as 
on the unlimed plots, peak mean cover was on the plots receiving P alone. This herb 
increased 1.4 fold with rabbit grazing (p=0.04, presence absence data) 
Senecio jacobaea 
All nutrient application (except Mg) reduced mean S. jacobaea cover on 
unlimed plots compared with the unfertilized controls. Ragwort was found at 
significantly higher mean cover on limed plots (2.14% compared with 0.83% on the 
unlimed plots; /7=0.01). On the limed plots it was N limited and had higher mean 
cover on plots receiving N (p<0.05) but there were no clear patterns of response to P 
or K singly or in combination. S. jacobaea was strongly affected by rabbits and was 
increased 15.2 fold by rabbit grazing (p-0.03). 
Ranunculus repens 
R. repens was a good competitor for N but a poor P competitor, as application 
of P on its own or with K (PK and minus N) led to a significant increase in mean 
cover compared with the unfertilized control plots (p<0.001) and all N application 
treatments reduced R. repens to very low mean cover. There was no main effect of 
liming on mean cover (p=0.86) with 0.17% cover on the unlimed plots and 0.15% on 
the limed plots, but there was an interaction between liming and fertilizer application 
(p=0.03). The negative effect of N application on its own, was not apparent on limed 
plots although the nutrient responses here were idiosyncratic, in that plus N and 
minus N had similar effects on mean cover of R. repens (minus N caused peak mean 
cover on the unlimed plots). Application of N and P reduced mean cover on limed 
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plots. Peak mean cover on the limed plots occurred with application of K alone. R. 
repens was not affected by rabbit grazing. 
Galium saxatile 
There were three categories of mean cover for heath bedstraw on unlimed 
plots: it was high (8%) on the unfertilized control plots and on the plots receiving N 
alone (N and minus PK), K alone or Mg alone; it was very low (< 0.5%) on the high 
biomass plots receiving N and P together (minus Mg, All and minus K), and cover 
was intermediate (2%) on the NK (minus P), P and PK (PK and minusN) plots 
(p<0.001). This suggests it was a good competitor for P and possibly K. G. saxatile 
was highly intolerant of liming and mean cover declined from 4.17% on the unlimed 
plots to 0.04% following repeated lime application. There was a significant (p = 
0.029) but not very strong interaction between liming and fertilizer application. On 
the limed plots, mean cover was highest on the K alone, P alone and N alone plots. 
Rabbit grazing increased abundance of this species 3.5 fold (p<0.001, presence 
absence data). 
Galium aparine 
This species increased in abundance on fertile plots: on the unlimed plots, 
there was a significant increase in cover with addition of N (p<0.05) but no effect of 
P or K (p=0.687). G. aparine showed a strong positive response to lime application 
it was present on 13 unlimed plots (mean cover of 0.040%) and 86 limed (mean 
cover 0.632%) (p=0.01) and there was a significant interaction between liming and 
fertilizer application (p<0.01). Peak cover on the limed plots was associated with the 
joint application of N and K (minus Mg, All and minus P), application of P, K or N 
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singly was associated with slightly decreased mean cover. This annual plant 
benefited from the soil disturbance associated with rabbit grazing and was present on 
35 grazed and 64 fenced plots (p=0.04, presence absence). 
Cirsium arvense 
There were no main effects of lime (p=0.969) or nutrient application 
(p=0.117) on mean cover of C. arvense, and no interaction between these two factors 
(p=0.350). Overall mean cover was 1.2%. This species was unpalatable to rabbits 
and its abundance was increased 2.2 fold by grazing (p=0.02, presence absence 
data). 
Cirsium vulgare 
C. vulgare increased 45-fold in mean cover with the application of lime from 
0.018% to 0.796% and there was a significant interaction between liming and 
fertilizer application (p=0.02). On limed plots this species responded positively to 
the application of N, particularly as NPK (p<0.0001), mean cover was uniformly low 
on plots not receiving any extra N. The N effect was especially pronounced on the 
rabbit-grazed plots, where soil disturbance from rabbit digging created a seedbed for 
recruitment of this biennial thistle. It was present on only 4 fenced plots compared to 
48 grazed (p=0.02, presence absence). 
Mean cover of S. graminea was reduced by all N treatments except N and K 
together (minus P) (p<0.001) but neither P, K nor Mg had any effects when applied 
alone. This suggests it is a good competitor for N but perhaps a less good competitor 
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for K. There was no main effect of lime application (p=0.067) and no interaction 
between fertilizer and lime (p=0.057) but the relative negative effect of N application 
was smaller on limed than on unlimed plots, perhaps due to the lack of an acidifying 
effect. Rabbit grazing had no effect on percentage cover in 2006 but reduced it in 
2004 (p=0.04) and 2005 (p=0.02). 
Plantago lanceolata 
P lanceolata was a good competitor for N and a poor competitor for P. 
Fertilization with N (alone or in combination with P and/or K) reduced or eliminated 
P. lanceloata (p<0.001) while the application of P (PK, P or minus N) increased 
mean cover 2 fold compared to unfertilized controls (p<0.01). There was no effect of 
liming on mean plant cover (p=0.71) and there was no interaction between liming 
and fertilizer application (p=0.26). However on limed plots addition of P on its own 
caused a significant increase in mean cover compared with the unfertilized control 
plots, but there was no response to PK or to minus N. Rabbits reduced this species 
3.3 fold compared to fenced plots (/?<0.001, presence absence data). 
Hypocharis radicata 
This species was a good competitor for both N and P as application of either 
nutrient alone substantially reduced mean cover and application of N and P together 
virtually eliminated this species (p<0.001). It also declined in response to Mg 
application which is unique, but may have to do with competition from seeds sown 
experimentally on these plots. There was a tendency for H. radicata to have higher 
cover on K only plots. H. radicata was highly intolerant of lime and declined from 
0.75% to 0.036% mean cover following repeated application of lime. There was also 
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a highly significant interaction between liming and fertilizer application 
(p<0.00001): on the limed plots, all N application treatments effectively eliminated 
H. radicata, but the plant is present on too few plots (n=19) to interpret the responses 
to P or K alone. This species was 12.4 times more abundant inside the rabbit fences 
than on grazed plots (p<0.01, presence absence). 
Leontodon autumnalis 
L. autumnalis was a good competitor for N and poor competitor for P: on 
unlimed plots, all of the nitrogen treatments with the exception of minus P caused the 
virtual extinction of L. autumnalis, whilst plots receiving P but not N had 
significantly higher mean cover values than the unfertilized controls (PK, P and 
minus N; j><0.01). L. autumnalis was also highly intolerant of lime, and declined by 
more than an order of magnitude in mean cover from 0.39% to 0.033% following 
repeated liming (p<0.0001). On the limed plots, L. autumnalis responded positively 
to the application of P (P and minus N) and negatively to the joint application of N 
and P (minus Mg, All and minus K). L. autumnalis was also reduced 6.8 fold by 
rabbit grazing (/?<0.01, presence absence). 
Crepis capillaris 
This species was also a good N competitor; the application of N either alone 
or in combination with P severely reduced mean cover of C. capillaris on the 
unlimed plots (p<0.0001). There was no consistent effect of P or PK, however. 
There was no effect of lime application on mean cover of C. capillaris (p=0.925), 
and there was no interaction between liming and fertilizer application (p=0.121). On 
the limed plots, it may have been a poor competitor for K as the addition of K alone 
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increased mean cover (p<0.05). There were no responses to P or PK on limed plots. 
Crepis capillaris was another rabbit decreaser (p<0.001). 
Achillea millefolium 
A. millefolium was another good N competitor but poor PK competitor. The 
combination of P and K application (PK and minus N) had a strong positive effect on 
mean cover of A. millefolium on the unlimed plots, but neither P nor K on their own 
had any effect. The application of N, whether alone or in combination with any other 
nutrient, greatly reduced the mean cover. There was no effect of liming on mean 
cover of yarrow (j?=0.875) and no interaction between liming and fertilizer treatment 
(p=0.078). However the positive effect of PK observed on the unlimed plots was not 
seen on limed plots. Nitrogen application also virtually eliminated A. millefolium 
from the limed plots, whether applied on its own on in combination with P. Rabbits 
reduced the percentage cover of A. millefolium, it was 5.2 times as abundant inside 
the rabbit fences as outside (p=0.02). 
Cerastium fontanum 
C. fontanum was present on only 32 of the unlimed plots, and there were no 
clear responses of mean cover to different nutrient combinations here. C. fontanum 
is unusual amongst the herbs in having its peak mean cover on the plots receiving all 
nutrients. The mean cover of C. fontanum increased significantly under lime 
application from 0.041% on the unlimed plots to 0.128% on the limed plots, and 
there was a significant interaction between liming and fertilizer application 
(p<OM). On limed plots the application of N on its own (N or minus PK) caused a 
significant increase in mean cover of C. fontanum (p=0.01), suggesting it was a poor 
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competitor for N. There were no clear patterns in response to other combinations of 
nutrient addition. Rabbit grazing increases the abundance of this species 4.4 fold 
(p<0.01, presence absence). 
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Table 2.3: the responses of species to the addition of three nutrients nitrogen (N), 
phosphorus (P) and potassium (K). Magnesium is ignored as no species responded to it. 
Species responses are compared to unfertilized controls and are ranked in order of magnitude 
so " decreased with NP > N without P" indicates the species decreased most with N and P 
but also decreased with N in the absence of P; "N" indicates the species responded equally to 
all nitrogen addition treatments, regardless of what other nutrients were applied "N alone" 
means the species only responded to nitrogen without phosphorus or potassium. Results for 
limed and unlimed plots are shown, if there was an interaction between fertilizer and liming. 
I indicates species too rare on either the limed or unlimed plots to analyse here. All species 
soecies L i m i n e Increase wi th Dec rease wi th 
Monocotyledons 
Holcus mollis un l imed 
l imed 
N P > N wi thout P or P 
N P > N wi thou t P 
Agrostis capiUaris un l imed 
l imed 
N wi thout P N P 
N P 
Festuca rubra un l imed 
l imed 
N P > N wi thou t P > P 
N P > N K > N wi thou t P 
Anthoxanthum odoratum un l imed 
l imed 
N wi thou t P N P 
N P > N wi thou t P 
Arrhenatherum elatius un l imed 
l imed 
P 
N K 
Dactylis glomerata un l imed 
l imed 
NK 
NK. P K 
Luzula campestris un l imed 
l imed 
N or P a lone > N K > N P 
N a lone > N P 
Phleum bertolonii un l imed 
l imed 
N > P 
N 
Danthonia decumbens un l imed J N or P a lone > N P 
Legumes 
Lotus cornicidatus un l imed 
l imed 
P K N 
N 
Trifolium dubium un l imed 
l imed 
PK 
PK 
absent o ther t r ea tmen t s 
N 
Trifolium repens un l imed 
l imed 
P K 
P K 
N 
N 
Vicia sativa un l imed 
l imed 
P K 
P K 
N 
N 
Non leguminous herbs 
Rumex acetosa un l imed 
l imed N wi thou t P 
N P > N K , K 
N P 
Rumex acetosella no in teract ion N K > N or K a lone 
Veronica chamaedrys unl imed 
l imed 
P a lone 
P a lone 
N or K 
N 
yacoAoea un l imed 
l imed N K > N a lone 
N , P or K 
Ranunculus repens un l imed 
l imed 
P wi thou t N N 
N P 
Galium saxatile un l imed { N P > P a lone, PK or N K 
Galium aparine l imed J NK 
Cirsium arvense l imed J N P K > N K > N a lone 
Stellaria graminea no interact ion N (excep t N K ) 
Plantago lanceolata un l imed 
l imed 
P wi thout N 
P wi thout N 
N 
N 
Hypochaeris radicata un l imed N P > N or P a lone 
N 
Leontodon autumnalis un l imed 
l imed 
P wi thout N 
P wi thout N 
N 
N P 
Crepis capillaris un l imed 
l imed K a lone 
N 
N P 
Achillea millefolium un l imed 
l imed 
PK N 
N 
Cerastium fonlanum l imed J N a lone 
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Table 2.4: e f fec t sizes for species in response to liming. If there was a significant di f ference 
between mean cover on limed and unlimed plots, the magni tude of this di f ference is 
indicated so that " -1 .5x" indicates a species decreased 1.5-fold fol lowing liming. Data are 
f rom percentage cover data collected in 2006. 
Species change with lime 
Monocotyledons 
Agrostis capillaris 
- 1 0 3 x 
Anthoxanthum odoratum 
- 7.5x 
Holcus mollis -1.9x 
Luzula campestris 
- 4.3x 
Arrhenathemm elativs + 6.1x 
Dactylis glomerata + 10.Ix 
Festuca rubra +1.7x 
Phleum bertolonii 
Poa prat ens is + 10.4x 
Trisetum flavescens + 1.6x 
Holcus lanatus No change 
Non leguminous forbs 
Leontodon autumnalis - 11.8x 
Hypochaeris radicata - 2 0 j m 
Rumex acetosella - 3 3 j x 
Rum ex acetosa - 1.9x 
Stellaria graminea - 1.4x 
Galium saxatile - 9 L 9 x 
Senecio jacobaea + 2.6x 
Heracleum sphondylium + 2&5X 
Urtica dioica + 186.4X 
Galium aparine + 15.9 
Veronica chamaedrys + 4.9x 
Cirsium vulgare + 45.4 
Plantago lanceolata + 1.3x (fenced) 
Achillea millefolium No change 
Ranunculus repens No change 
Ranunculus acris No change 
Centaurea nigra No change 
Crepis capillaris No change 
Cerastium fontanum No change 
Legumes 
Trifolium repens + 7.4X 
Vicia saliva + 2.1x 
Trifolium dubium + 5.8x 
Lotus corniculatus No change 
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Seed sowing and secondary seeding 
Of the 80 species sown onto the Mg and minusMg half-plots in April 1996, 
only 3 species were still present in 2006 {Heracleum sphondylium, Centaurea nigra 
and Pilosella officinarum. These three species can be said to be seed-limited in 
Nash's Field, with the implication that herbivores that reduce seed production would 
cause reduced population density for these plants. The other 77 species were not seed 
limited in Nash's Field. Other experiments in Silwood (Chapter Five) and in Oak 
Mead (M. Crawley, unpublished results) indicate that in most cases, recruitment of 
these species is limited by interspecific plant competition (i.e. the established 
vegetation is invasion-resistant to these plant species under current climatic and 
management conditions). 
Heracleum sphondylium 
Hogweed is seed-limited and exhibits significantly higher mean cover on 
limed plots, increasing 20 fold following liming (from 0.06% on unlimed plots to 
1.31% on limed plots). On unlimed plots the plant was still relatively common on the 
unfertilized plots where it was sown originally (Mg) but was as uncommon on the 
sown fertilized plots (minus Mg) as it was on the other unsown plots. It has 
established by secondary seedling recruitment on most plots but was least abundant 
on minus K, minus PK, N and PK. On limed plots, the plant was no more common 
where it was originally sown (Mg) than on other plots without N addition (PK, P, 
minus N, none and K) but was more abundant on plots with N. H. sphondylium had 
higher percentage cover inside the rabbit fences (mean = 1.25%) than on the grazed 
plots (mean = 0.13%) and only reached high percentage cover inside the fences, it 
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was not abtmdant on sufficient blocks for this to be significant 0=0.29) (see Figure 
2^0. 
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FIG 2.9: the percentage cover of Heracleum sphondylium on the eight blocks in Nash's 
Field, averages for each grazed of fenced half are shown, see Figure 2.1 for the layout of the 
blocks. Data are shown for the limed plots, where it is more abundant (p=0.05). 
Centaurea nigra 
C. nigra established in higher numbers on the limed plots (mean cover = 
0.70%) than on unhmed plots (mean cover = 0.49%) but this difference was not 
significant (p = 0.575). The unfertilized sown plots (Mg) still supported most plants, 
but the sown fertilized plots (minus Mg) had no more plants than unsown plots 
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receiving N and P. Knapweed had spread from the original sown plots, but had not 
achieved high cover in any case. There was a suggestion that secondary recruitment 
might be inhibited on plots receiving N. Rabbits also reduced the spread of this 
species (p<0.001, presence absence data) it was present only on 16 grazed plots 
compared to 118 fenced, of those 16 grazed only 3 are plots onto which it was not 
originally sown. 
Pilosella officinarum 
Adding seed significantly increased the mean cover of P. officinarum 
(p<0.0001), but most recruitment was restricted to unlimed plots where the seed was 
sown (Mg), and none of the fertilized sown plots (minus Mg) had the plant. There 
was no main effect of lime on the cover of P. officinarum (p=0.18), and there was no 
interaction between lime and fertilizer (p=0.802). The lime effect was close to 
significant in a logistic model with presence/absence of P. officinarum as the 
response variable (p=0.057), but the total number of unsown plots with recruitment 
was simply too low to analyse (present on just 14 unlimed plots and 5 limed plots). 
On unlimed plots, P. officinarum was common on the unfertilized plots 
where it was originally sown (Mg), but was extinct on the fertilized plots where it 
was sown (minus Mg). It had sown itself onto unfertilized control plots and onto 
plots that receive K alone, but was essentially absent from plots receiving nitrogen 
(alone or in combination with P and/or K). Secondary recruitment was slightly lower 
on plots receiving P or P and K than on the control plots (p < 0.0001). On the limed 
plots, P. officinarum was all but confined to where it had been sown (Mg). There was 
no recruitment on the limed plots receiving N, and the plant was not found on the 
fertilized plots where it was sown (minus Mg). There was recruitment on just 5 
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unsown plots (two each of minus N and O, and one on P). This species did not seem 
to be affected by rabbit grazing and was present on a similar number of grazed plots 
(17) and fenced plots (11). 
Evidently the three seed limited species are persistent following seed 
introduction (at least for 10 years) but equally two of the species (Centaurea nigra 
and Pilosella officinarum) are not increasing rapidly in abundance on colonized 
unsown plots, nor have they yet colonized all unsown plots that have a suitable 
liming and fertilizer status. This suggests they are seed-limited but have not passed 
the invasion criterion. 
2.5 Discussion 
This experiment demonstrates clearly that plant productivity in Nash's Field 
is co-limited by N and P supply. Adding N and P to unlimed plots increased biomass 
and drove succession to a virtual monoculture of Holcus mollis. On limed plots, 
succession was more strongly affected by rabbit grazing, but on the fenced plots, N 
and P fertilization created a tall grassland dominated by Arrhenatherum elatius and 
Dactylis glomerata. Thus, nutrient addition converted MG5c Danthonia decumbens 
sub-community into a different community: with lime, the new community closely 
resembled MGl Arrhenatherum, without lime a H. mollis community was formed 
(not recognised by NVC). Additions of N and particularly N combined with P 
reduced species richness, additions of other combinations of nutrients had little effect 
on species richness but had substantial impacts on botanical composition. 
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Biomass and species richness 
Plant biomass production was primarily limited by nitrogen and phosphorus: 
addition of either nutrient alone had a smaller effect on biomass than addition of the 
two together. Generally, addition of N alone increased biomass more than addition 
of P alone. This agrees with a number of studies that suggest grassland biomass is 
typically co-limited by these nutrients (Koerselman and Meuleman 1996, Venterink 
et al. 2001, Venterink et al. 2003, van der Hoek et al. 2004, Crawley et al. 2005, 
Elser et al. 2007). The nature of nutrient limitation on biomass varied between years 
(Figure 2.2) with K limitation apparent in some years, although only in combination 
with N. Potassium additions without nitrogen never increased biomass. This 
variability in nutrient limitation may result from the fact that different species are 
limited by different combinations of nutrients (Koerselman and Meuleman 1996). 
Although variation in biomass was principally driven by fluctuations in the 
abundance of H. mollis (which was co-limited by N and P) other species which 
responded to N and K, such as Dactylis glomerata, may also have made a 
contribution to total biomass. Variation in their abundance may explain the year 
effects. 
Total biomass was affected by rainfall, in common with other studies 
(Coleman et al. 1987). Rainfall explained a larger proportion of the variance in 
biomass on plots fertilized with N, P and K than on unfertilized plots, presumably 
because the fertilized plots were more water limited given that they were not also 
nutrient limited. Fertilized and unfertilized plots were also affected by rainfall in 
different months: fertilized plots were affected by rainfall in May and June whereas 
unfertilized plots responded only to April rainfall. This may suggest that the rapid 
growth phase on unfertilized plots is earlier in the season than on fertilized plots, so 
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that rainfall later in the season does not affect growth. Alternatively, the different 
dominant species on fertilized and unfertilized plots may have different phenologies, 
i.e. H. mollis may continue growing later than F. rubra and A. capillaris. 
The effect of nitrogen addition alone, on total biomass varied between years 
and depended on the presence of rabbits. Inside the rabbit fences, fertilizing with N 
in the absence of P increased biomass, on the rabbit grazed plots, however, biomass 
was not increased by N (in the absence of P). The reason for this is that rabbits 
grazed the N addition plots in preference to unfertilized plots, presumably because 
they benefited from the higher nutritional content of the foliage on these plots. Other 
studies have demonstrated an increase in feeding by herbivores on plots fertilized 
with nitrogen (Hobbs et al. 1988, DiTommaso and Aarssen 1989). Plant species 
composition modified this effect: on the plots fertilized with N and P rabbits did not 
disproportionally reduce biomass and here there was an increase in biomass on 
grazed plots. On these plots, H. mollis dominated, as discussed above, and this is not 
a preferred species by rabbits (Fenton 1940, Ovington and Scurfleld 1956), so these 
plots were avoided. The plots fertilized only with nitrogen were dominated by the 
palatable (to rabbits) species F. rubra and A. odoratum as well as A. capillaris. 
Heavy rabbit grazing on the N addition plots also prevented the decline in total herb 
cover that was seen inside the rabbit fences, with N addition. 
Rabbits interacted with phosphorus addition, as well, to affect total 
percentage cover of herbs. Phosphorus addition increased the abundance of several 
herb species (see below) and several of these were also rabbit decreasers {L. 
autumnalis, A. millefolium, P. lanceolata). These species therefore did not increase 
on rabbit grazed P addition plots. In addition, rabbits grazed legumes 
disproportionally hard on the PK addition, on unfertilized plots legumes were 1.8 
78 
Nutrients and lime in Nash's Field Chapter 2 
times as abundant inside the rabbit fences as outside, on PK plots they were 4.8 times 
as abundant. This reduced the response of legume species to PK addition, so that 
whilst legumes increased 5.6 fold with PK addition inside the rabbit fences, but only 
2 fold on the grazed. Rabbits therefore altered the effect of P (without N) addition 
on species composition by grazing many of the species that responded to it and 
preferentially grazing legumes on PK plots, presumably due to the high N content of 
their tissues (Ritchie et al. 1998). 
Increasing biomass was associated with decreasing species richness, in 
common with many other experimental studies (Tilman 1993, Willems et al. 1993, 
Stevens and Carson 1999, Gough et al. 2000, Stevens et al. 2004, Crawley et al. 
2005, Suding et al. 2005, Stevens et al. 2006, Hejcman et al. 2007). The biomass 
species-richness relationship exhibited by the relatively young plots in Nash's Field 
is similar to that shown by the equilibrium plots on the Park Grass Experiment 
(Crawley et al. 2005). In Nash's Field, increasing biomass was associated with 
reduced species richness because low-growing plant species were shaded out by 
taller grass species (principally H. mollis or A. elatius) as light became the limiting 
resource (Suding et al. 2005) and competition became more asymmetric (Freckleton 
and Watkinson 2001). A major difference between Nash's Field and Park Grass is 
that the negative effect of biomass on species richness is seen under the liming 
treatment, as well as on the unlimed plots, whereas on Park Grass, the effect was 
restricted to unlimed plots that had been acidified by 150 years of ammonium 
sulphate application (Crawley et al. 2005). As in Park Grass there was no suggestion 
here of a humpbacked relationship between productivity and species richness (Grime 
1973, Chase et al. 2000, Gough et al. 2000, Mittelbach et al. 2001). This was 
perhaps because the unfertilized plots in Nash's field were not unproductive enough 
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for there to be an increase in diversity with experimental increase in productivity, i.e. 
only part of the curve is being sampled (Grace 1999). Alternatively a lack of species 
adapted to high nutrient conditions in the species pool, may constrain diversity on 
fertilized plots (Hodgson 1987, Grace 2001). Reductions in species richness with 
fertilization suggest that niche differences in nutrient use may be important in 
maintaining the diversity of this grassland; removal of limiting factors, particularly 
by the combined application of nitrogen and phosphorus, dramatically reduced 
diversity. 
The loss of species richness with nitrogen and phosphorus fertilization was 
rapid (see Figure 2.6). H. mollis was able to grow rapidly to take advantage of the 
increased nutrients and this led to the rapid loss of low growing species. Rabbit 
grazing slowed competitive exclusion, presumably by reducing biomass and 
therefore increasing light levels in the productive plots (Gough and Grace 1998). 
Responses to nutrient additions were rapid where responses were due to differential 
growth of species already present in the plot, as with the increase of H. mollis and the 
loss of low-growing species on the NP plots. Where compositional change involved 
the recruitment, by seed, of species not previously present in the plot, responses were 
slower. 
Addition of nitrogen alone had a greater effect on productivity and species 
richness than addition of phosphorus. In Nash's Field the most strongly nitrogen 
limited plots (-N) had greater species richness than the most strongly phosphorus 
limited plots (-P). This may be partly due to the acidifying effect of nitrogen 
addition (Crawley et al. 2005) but also, more herbs seemed to be good competitors 
for nitrogen than for phosphorus, whereas the grasses tended to be good competitors 
for phosphorus or for both nitrogen and phosphorus (see Table 2.1). The trends in 
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species richness were mostly driven by the abundance of herbs, which generally 
decreased when nitrogen was added. This result is in contrast to that found by 
Wassen et al. (2005) who suggested that sites with low phosphorus availability 
(which they argued were phosphorus limited) had a higher species diversity and 
more endangered species than nitrogen-limited sites (Wassen et al. 2005). 
Phosphorus and potassium addition had little effect on biomass or species richness 
when not combined with nitrogen additions but they did have large effects on species 
composition and some individual species responded strongly to additions of these 
nutrients. 
Species responses to nutrients 
Species were categorized as "increasers" or "decreasers" in response to 
particular nutrients, relative to their abundance on the unfertilized control plots (see 
Table 2.1). Species that declined in response to the application of a particular 
nutrient are thought of as good competitors for that nutrient and species that increase 
when a nutrient is applied can be considered to be limited by that nutrient (Tilman 
1982). 
Most of the grasses were limited by nitrogen availability and increased when 
this nutrient was applied, agreeing with the idea that grasses are generally good 
competitors for phosphorus and therefore nitrogen limited (DiTommaso and Aarssen 
1989). There was, however, substantial variation between grass species in response 
to different combinations of nutrients. As discussed above, a few species were 
limited by both nitrogen and phosphorus: H. mollis, on unlimed plots and A. elatius 
and D. glomerata on limed plots were able to dominate the most productive plots, 
these tall grasses were therefore good competitors for light. On the limed plots A. 
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elatius and D. glomerata were, however, more Hmited by nitrogen and potassium 
than nitrogen and phosphorus. The grasses A. odoratum and A. capillaris were good 
competitors for phosphorus and therefore principally limited by nitrogen, whilst F. 
rubra, L. campestris and D. decumbens were good competitors for both nitrogen and 
phosphorus as they declined when either nutrient was added and particularly when 
both were added. Variation in the levels of these three nutrients may therefore 
mediate coexistence between these grass species. 
All the legume species showed essentially the same fertilizer-response 
profile: they were driven close to extinction by the application of nitrogen, but they 
increased significantly compared with the unfertilized control plots following the 
application of P and K together (typically, the legumes were not affected by the 
addition of P or K separately). This is the same pattern that was found in Park Grass 
(Silvertown 1980, Crawley et al. 2005) and in many other fertilization experiments 
(DiTommaso and Aarssen 1989, Suding et al. 2005). Here, however, neither 
phosphorus nor potassium applied alone increased legume abundance, whilst 
phosphorus application did increase the abundance of a number of other herbs (see 
below) perhaps suggesting that legumes were not such good competitors for 
potassium and were therefore out-competed by these other herbs where K is limiting, 
as on phosphorus-addition plots. 
On the unlimed plots, all of the herb species declined on productive nitrogen 
and phosphorus plots, which is likely to be due to decreased light levels at the ground 
surface (Suding et al. 2005). On the limed plots, however, some species have 
appeared that grow well on these plots (see below). On the N and P addition plots, 
therefore, liming increases total herb cover substantially. The other herb species 
seem generally to be good competitors for nitrogen and on the unlimed plots, only G. 
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saxatile and Rumex acetosella did not decrease with nitrogen addition, which agrees 
with results from other studies (DiTommaso and Aarssen 1989, Stevens et al. 2004, 
Stevens et al. 2006). Although the decreases with combined nitrogen and phosphorus 
addition may be due to increased light competition, many species declined equally 
on nitrogen only plots where biomass is not as high, particularly when there is rabbit 
grazing, suggesting that here competition with other species for phosphorus and 
perhaps potassium leads to their declines.. Several of the herb species seem to be 
limited by phosphorus: R. repens, V. chamaedrys, P. lanceolata and L. autumnalis all 
increased when phosphorus was added alone or with potassium. Phosphorus 
addition therefore, results in large changes in species composition despite small 
effects on biomass because the species that are limited by P are not dominant species 
(Koerselman and Meuleman 1996). 
Potassium limitation seems much less common: legumes, as mentioned 
above, are co-limited by phosphorus and potassium as is A. millefolium, which 
increases when these nutrients are added. Rumex acetosella, like the grasses A. 
elatius and D. glomerata, is co-limited by nitrogen and potassium and therefore 
presumably a good competitor for phosphorus. No species seems to be limited by 
potassium alone, however, except C. capillaris on the limed plots. It might be 
expected that the rosette forming Asteraceae show some response to potassium 
addition, as Taraxacum agg. does in Park Grass, particularly on the limed plots 
where these taxa are most abundant (Tilman et al. 1999). R. acelosa is the only other 
species which responded to K addition alone, it declined on these plots, suggested it 
is a good competitor for this nutrient. 
None of the species responded to magnesium addition, either alone or in 
combination with other nutrients. This may mean that there is no variation between 
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these species in competitive abihty for magnesium, or more probably, that 
magnesium levels are relatively high in Nash's Field and therefore not limiting for 
the growth of any of these species. 
It is broadly true that herb species were good competitors for nitrogen and 
declined when this nutrient was added but there was still substantial variation in 
response to different combinations of nutrients. Of the good N competitors some 
were poor P competitors; P lanceolata, L. autumnalis and R. repens, Achillea 
millefolium (also a poor K competitor) and V. chamaedrys (a good K competitor). 
Whereas other were good P competitors: H. radicata, S. graminea although the latter 
was a poor K competitor. This variation in the response of species to addition of the 
various nutrients indicates niche differentiation and trade-offs in competitive abilities 
(Tilman 1982, Chesson 2000, Silvertown 2004). The fact that different species are 
good competitors for different nutrients and different combinations of nutrients can 
allow coexistence if there is spatial or temporal variation in the availability of 
nutrients (Silvertown 1980). Nutrient levels are known to vary across small spatial 
scales in grassland (Jackson and Caldwell 1993, Schlesinger et al. 1996). Different 
ratios of nutrients were not tested in this experiment but variation in species response 
to these could further increase opportunities for coexistence (Chesson 2000, Miller et 
al. 2005). Species can also specialise to preferentially extract different forms of 
nitrogen at different depths in the soil and at different times of year (McKane et al. 
2002). Removal of variation in nutrient levels by fertilization therefore reduces 
diversity. Temporal as well as spatial heterogeneity in nutrient supply can promote 
coexistence and this can occur because the competitive abilities of species vary from 
year to year (Chesson 2000), so if nutrient rates vary between years then this could 
promote coexistence. Variation in rainfall across years affects productivity in this 
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experiment, as in others (Coleman et al. 1987), so species could be drought 
specialists (perhaps those with large tap-roots) (Buckland et al. 1997) or wet-year 
specialists (those that grow rapidly in productive areas). In addition, the effect of 
potassium (in combination with nitrogen) on biomass varies between years, and these 
year effects may impact differently on different species. 
Liming 
The addition of lime to an acid grassland resulted in the decline of many of 
the common species (see Table 2.3). Liming did not reduce species richness overall, 
but unlike Park Grass liming did not increase richness either (Silvertown 1980, 
Crawley et al. 2005), which might be expected as alkaline soils generally support a 
larger number of species (Fischer and Stocklin 1997, Partel 2002). There was no 
invasion of calcicole species in Nash's Field, however, as they are lacking in the 
Silwood species pool. In a meta-analysis Partel (2002) found positive relationships 
between soil pH and species richness only in areas with a species pool adapted to 
high pH, and negative relationships elsewhere. Many calcicole species were sown in 
the sowing experiment in 1996 but none of these recruited on the limed plots, 
suggesting that competition from resident species prevented their establishment. In 
other experiments in Silwood many of these species did recruit successfully 
following soil disturbance. 
The legumes benefited from liming, suggesting, perhaps, that their rarity in 
Nash's Field is due to the acidity of the soil. Some of the grass species that are 
uncommon in the unlimed plots also increased with liming: A. elatius, D. glomerata, 
P. bertolonii and Poa pratensis. Festuca rubra was, however, the only dominant 
species (on the unlimed plots) to increase with liming. The other dominant grasses 
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on unfertilised unlimed plots, A. odoratum and A. capillaris, which are well adapted 
to acid conditions virtually disappear from limed plots. Of the non-leguminous 
herbs, most of the liming increasers were weedy species that did well on the 
productive limed plots: C. vulgare, S. jacobaea, G. aparine, H. sphondylium and 
Urtica dioica (the last has only established in a few plots but has achieved 
dominance locally). These species may be less common on unlimed plots because 
they are limited by low soil pH, but extra disturbance on the limed plots may also 
benefit them. Previous work has shown increased mole activity and rabbit digs and 
scrapes on the limed plots, which would provide bare ground for these species to 
establish (Edwards and Crawley 1999a). There was, however, little invasion of 
calcicole species on the unfertilized limed plots. This is not likely to be due to 
dispersal limitation, as many of these species were added in the sowing experiment, 
instead the resident species prevented their establishment, suggesting that grassland 
species may not be able to colonise areas of suitable habitat following environmental 
change. 
Variation in soil pH may promote coexistence. Microenvironmental variation 
has been shown to have this effect, for example in the case of species that specialise 
with respect to different moisture levels (Silvertown 2004). In this experiment, 
addition of lime changes the outcome of competition between species, for example 
between H. mollis and A. elatius, on productive plots. Species responses to liming 
vary considerably and most of the common species are affected by liming, which 
suggests that soil pH has a large effect on species' distributions. On the unlimed 
plots the abundance of A. capillaris is affected by variation in the pH levels on 
control plots (it is more abundant at lower pH) suggesting that there is sufficient 
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variation in pH, on unlimed plots, to affect the growth and competitive ability of this 
potentially dominant species. 
Additions of lime also interacted with fertilizer application and altered 
species responses to nutrients. For instance the response to phosphorus fertilization 
was altered for several species. The grasses H. mollis, P. bertolonii and A. elatius 
increased with phosphorus addition (without nitrogen) on the unlimed plots and F 
rubra and L. campestris decreased on these plots. On the limed plots, however, all 
five species responded only to N alone or N and P together but not to P alone. 
Phosphorus availability to plants can be increased at higher pH and is maximally 
available between pH 6 and 7 (Sharpley 2000). The pH on unlimed plots is pH is 
4.7 on average and it is 7.7 on limed plots, suggesting P would be more available on 
the limed plots. This may mean that P is not so limiting to plant growth on the limed 
plots and A. elatius, H. mollis and P. bertolonii do not therefore respond to this 
nutrient on its own. They do not stop responding to P fertilization entirely, however, 
as N and P addition increases growth more than N addition alone. 
The response to nitrogen was also altered for several species: S. jacobaea, R. 
repens and R. acetosa, decreased with nitrogen additions on unlimed plots but not on 
limed plots. The nitrogen effect on S. jacobaea and R. acetosa was reversed by 
liming, so that they where increased by nitrogen, when added without phosphorus, 
on the limed plots. It is therefore possible that the negative effect of nitrogen on 
these species is due to its acidifying effect on the unlimed plots. Responses to 
potassium were also affected by liming but not consistently: V. chamaedrys did not 
respond to potassium on limed plots, whereas, C. capillaris and P. lanceolala 
responded to potassium on limed but not on unlimed plots. This interaction between 
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nutrients and pH could further increase environmental variation and therefore 
opportunities for coexistence. 
Seed limitation 
The results of the seed sowing experiments support the idea that mesic 
grasslands contain few seed-limited species (Tumbull et al. 2000). Out of eighty 
herb species sown in 1996 only three proved to be seed-limited. The experiment was 
a mix of seed addition (sowing species not present in the grassland) for 65 species 
and seed augmentation (sowing species present) for 15 species. Seed additions can 
indicate which species are lacking from the community due to dispersal limitation 
(Tumbull et al. 2000) and even in this species-poor community only three out of the 
sixty were absent for that reason. Seed augmentation shows which of the resident 
species present are seed limited and none of the herbs tested were. These results 
agree with suggestions that grasslands are relatively uninvasible (Crawley et al. 
1986, Burke and Grime 1996) and that species diversity in this grassland is not 
constrained by seed or dispersal limitation to a large extent (Turnbull et al. 2000). 
Only one resident species, H. radicata, declined as a result of the invasion of these 
three species meaning that seed addition has lead to a very modest increase in species 
richness on the sown plots (Foster and Dickson 2004, Zeiter et al. 2006). The results 
also support the observation that productive areas are even less invasible (Foster and 
Dickson 2004), as only H. sphondylium was able to invade the plots fertilized with N 
and P. 
The extent of seed limitation may, however, vary from year to year (Turnbull 
et al. 2000), for example following a drought (as happened in 1995) many more 
species might be seed limited (Edwards and Crawley 1999b, Crawley 2005) (Figure 
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2.3). Nevertheless it seems unlikely that seed-limitation is normally important for 
many species, it is more likely that microsite-limitation is the dominant factor 
affecting recruitment. This suggests an important role for herbivores such as rabbits 
as well as fossorial mammals like moles and perhaps even ants, in providing bare 
earth for seedling recruitment (Blomqvist et al. 2000, Bakker and Olff 2003). It is, 
however, also possible that granivores consumed large numbers of the sown seeds 
preventing their recruitment (Edwards and Crawley 1999b, MacDougall and Wilson 
2007) . 
The three species that did recruit when sown have spread slowly, P. 
officinarum has been the least successful: it only recruited on two out of the eight 
blocks (K and P) and has hardly spread beyond the sown (unfertilized) plots. C. 
nigra has spread in more plots but is still more abundant on sown (unfertilized) plots, 
it also seems to have spread less successfully on plots receiving nitrogen, perhaps 
due to increased competition. C. nigra, however, has still not spread to all the plots 
with a suitable fertilizer regime. Of the three seed-limited species, H. sphondylium 
was the only one to recruit on productive plots and it is still most abundant on the 
productive plots where it was sown but has spread successfully to all the nutrient 
treatments, although only on limed plots. There has been little invasion of rabbit 
grazed plots: C. nigra is virtually absent from the grazed plots and H. sphondylium is 
much more abundant inside the fences, rabbits therefore further reduce the 
invasability of this grassland, as do molluscs (Chapters Three and Five) 
This experiment has identified nutrient levels and soil pH as two ot the 
dominant factors affecting grassland biodiversity. While production of this grassland 
is typically co-limited by phosphorus and nitrogen, biomass is affected by potassium 
(in combination with nitrogen) in some years, indicating the importance of year-
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effects in understanding these processes. Additions of nutrients (N and P) caused 
large changes in species composition with virtual monocultures appearing relatively 
rapidly, after just 5 years in productive plots. Additions of phosphorus and 
potassium altered the competitive balance between various species of legumes and 
other herbs, therefore having large impacts on species composition without altering 
biomass or species richness substantially; this indicates the importance of looking at 
individual species responses rather than focussing exclusively on changes in biomass 
and species richness. Changes in soil pH also had large effects on botanical 
composition, with most species in the community affected, but not on biomass. 
Raising the soil pH by liming has not increased species richness, as might be 
expected, presumably because the local community lacks calcicole species and is 
resistant to their invasion, even when the seed of calcicoles is added. Plant 
responses to nutrients were also modified by herbivory (rabbit grazing) and soil pH, 
indicating the importance of looking at interactions when considering the factors 
affecting plant community composition. Plant responses to all these factors may take 
many years to appear, as several of these species are long-lived, and even after 
fifteen years some of the new communities formed in response to these experimental 
treatments, may be transient. This coupled with the importance of year effects and 
interactions mentioned above suggests the need for long-term field experiments 
manipulating a range of factors affecting plant community composition and 
coexistence. 
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CHAPTER THREE 
HERBIVORE INTERACTIONS IN A LONG-TERM EXCLUSION 
EXPERIMENT IN NASH'S FIELD, SILWOOD PARK. 
3.1 Abstract 
The abihty of vertebrate herbivores to maintain diversity in grasslands is well 
known but the role of invertebrates such as insects and molluscs is considered far 
less often. In particular, there have been no long-term exclusions of these herbivores 
in grasslands. The results of 15 years of exclusion of insects and molluscs, along 
with rabbits, in an acid grassland in Silwood Park, are presented. Insects play a 
keystone role in maintaining the biodiversity of this grassland by reducing the 
competitive ability of a dominant grass species: meaning that removing insects 
reduced species richness substantially, as less competitive species were lost. 
Molluscs had a compensatory interaction with the insects by reducing the 
populations of many herb species. Mollusc exclusion therefore led to increases in 
species richness. The mollusc effect in particular took many years to appear, and 
would have been missed in a shorter study. Year effects are also important and 
further underline the need for long-term studies. Interactions between invertebrate 
herbivory and both rabbit grazing and nutrient additions are also discussed. 
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3.2 Introduction 
Herbivory is widely recognised as an important factor in maintaining the 
biodiversity of grasslands (Milton 1940, Rawes 1981, Mcbrien et al. 1983, 
McNaughton 1985, Noy-meir et al. 1989, Crawley 1990, Brown 1994, Olff et al. 
1997, Collins et al. 1998, Ritchie et al. 1998, Carson and Root 2000, Hart 2001). 
Herbivores are able to promote coexistence if they feed preferentially on the 
dominant plant species, limiting its growth and therefore benefiting subordinates 
(Pacala and Crawley 1992). In order for this to promote coexistence there must be 
frequency dependence in herbivory, otherwise extinction of the preferred species 
could occur, thus preventing coexistence. Frequency dependence can arise in two 
ways: spatial/temporal variation in herbivore numbers or switching by herbivores (to 
stop feeding on rare species) may create ephemeral refuges, alternatively a 
monotonic rise in the intensity of herbivory, with plant dominance, by monophagous 
herbivores will produce the same result (Pacala and Crawley 1992). 
Mammalian and avian grazers are known from many systems to promote 
coexistence, often by reducing the growth of tall plants allowing lower growing 
species to coexist (Milton 1940, Cargill and Jefferies 1984, McNaughton 1985, 
Belsky 1992, Collins et al. 1998, Bakker et al. 2003). Invertebrate herbivores such 
as insects and molluscs are also abundant in many temperate grasslands (South 1992, 
Tscharntke and Greiler 1995) but their impacts on plant communities are less well 
known. It is often held that their effects will be small in comparison to vertebrates 
because they are likely to feed on subdominant species and to consume small 
quantities of biomass (Olff and Ritchie 1998). Few studies have examined the 
impacts of these groups in perennial grassland and no long-term exclusion 
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experiments have been carried out. Long-term experiments are Hkely to be 
important for understanding plant community responses (Rees et al. 2001). 
Insect herbivores have been thought to be limited primarily by their natural 
enemies and therefore to be incapabable of strong top-down effects on the plant 
community (Crawley 1989, Olff and Ritchie 1998, Oksanen and Oksanen 2000). 
Some studies have indicated that specialist insect herbivores can exert important 
effects by reducing the competitiveness of their host, if this happens to be a dominant 
species (Brown and Gauge 1989, Bach 1994, Brown 1994, Carson and Root 2000, 
Bach 2001). In north American old fields the herbivores of Solidago reduce its 
growth and promote coexistence for low-growing species (Carson and Root 2000). 
In sand dunes on Lake Huron, Michigan, removal of chrysomelid beetles feeding on 
Salix had large effects on the composition of the community, which persisted for 
many years, increasing the growth of Salix and consequently decreasing the 
abundance of several herbaceous species (Bach 1994, 2001). During outbreaks, 
insect herbivores are known to strong impacts on host plant abundance. As these 
may occur several times within the lifetime of long-lived species, this may be 
important for structuring the whole plant community; this effect has been observed 
particularly in forests (Carson et al. 2004). Fewer studies have examined the role of 
insects in grasslands, although pesticides are sometimes used in agricultural settings 
to increase grass yields (Clements et al. 1982, Clements et al. 1990a, Clements and 
Henderson 1994), indicating the presence of insects capable of reducing total 
biomass, at least in these managed systems. 
Molluscs are known principally for their role as seedling herbivores and their 
preference for herbs not grasses has been established in many feeding experiments 
(Dirzo 1980, Hanley et al. 1995b, Fenner et al. 1999, Peters et al. 2000, Hanley et al. 
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2003). Seedling herbivory may not affect adult plant abundances if seedling 
herbivores merely consume seedlings that would have died anyway from self-
thinning. However, if they feed selectively and alter the mortality rates of different 
species then they can have large effects on species composition even though they 
consume small quantities of biomass (Hulme 1996b). In the field, virtually all 
mollusc exclusions experiments have been undertaken in early secondary 
successional environments, the ground is generally disturbed, and seeds are often 
sown prior to mollusc exclusion. Most studies have stopped after demonstrating a 
mollusc effect on seedling numbers and few have continued long enough to show 
that this translates into effects on adult plant abundances (Hanley et al. 1995a, Wilby 
and Brown 2001). Where studies do demonstrate an effect, molluscs reduce species 
richness through their preference for the less dominant herb species (Hulme 1994, 
Hanley et al. 1995a, 1996b, although see Buschmann, 2005, Wilby and Brown 
2001). Their role in established perennial grassland, where seedling recruitment is 
likely to be much more infrequent and slow (Turnbull et al. 2000) is not known, 
however. 
Whilst many experiments consider the impact of one herbivore species or one 
group of herbivores, in reality most plant communities will be attacked by a wide 
range of herbivores, which may interact with each other. These interactions may be 
compensatory, in which case herbivores have opposing effects through the 
consumption of different groups of competing plant species. Alternatively 
herbivores may have additive effects if they both consume the same plant, or group 
of plants, and suppress its growth more strongly together than either alone (Ritchie 
and Olff 1999). In some cases interactions may be more complex, with herbivores 
having different impacts together and alone (van Ruijven et al. 2005). Ideally 
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interactions should be tested with factorial exclusions of the herbivores involved, so 
that the effects of all combinations of herbivores can be tested. 
Herbivore impact may also vary with primary productivity, which at large 
scales will vary with climate but at small scales, for example within a grassland, will 
depend on nutrient availability. Some trophic-based theories suggest small impacts 
of herbivores at high productivity because in these situations herbivores will be 
limited by their natural enemies and therefore will not have large effects on plant 
communities (Oksanen et al. 1981, Oksanen and Oksanen 2000). This theory was 
developed with vertebrate grazers in mind but has been extended to insect herbivores 
(Fraser 1998, Schadler et al. 2003). A contrasting set of models suggests herbivores 
will have larger effects on composition at higher productivities because here the 
dominant species will be good competitors for light and their removal will have large 
effects on competing species (Milchunas et al. 1988, Milchunas and Lauenroth 1993, 
Cingolani et al. 2005, Bakker et al. 2006). 
To examine the importance of insect and mollusc herbivores in grassland 
they were factorially excluded, along with rabbits, from an acid mesotrophic 
grassland in Silwood Park, southern England in 1992. These removals have, 
therefore, been running for fifteen years and have involved fencing to exclude 
rabbits, insecticide application to remove insect herbivores and molluscicide 
application to remove molluscs. The experiment also involves nutrient additions, 
liming and plant competition treatments (see Chapter Two tor the nutrient and lime 
effects); competition treatments will be discussed elsewhere. Here I concentrate on 
the insect and mollusc effects along with their interactions with rabbit grazing and 
nutrient addition. 
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3.3 Methods 
Nash's Field 
Insect and mollusc exclusions were carried out in Nash's Field, an acid 
mesotrophic grassland, MG5 Danthonia decumbens sub-community (Rodwell 1992) 
in Silwood Park (see Chapter Two for a description of the grassland). The 
experiment involves exclusions of factorial combinations of insects, molluscs and 
rabbits along with liming, herbicide and nutrient treatments. Nutrient and liming 
treatments were discussed in Chapter Two, here I focus on the insect and mollusc 
effects, mentioning other treatments only when they interact with invertebrate 
herbivory also see Crawley (1990) for a description of rabbit effects in these 
grasslands. 
The experiment has 6 factors, laid out in a split-plot design. The 8 largest 
plots (each 45m x 20m) were used for invertebrate herbivore exclusion (plus and 
minus insects; plus and minus molluscs) i.e. there are two replicates at this scale, in 
order to minimise the rate of recolonisation from the edges of the plots following 
pesticide application. Each of these plots was split in half for exclusion of larger 
vertebrate herbivores (plus and minus rabbit fences), and each of these, in turn, was 
split into two soil pH treatments (limed and unlimed). Each of the liming treatments 
was split into 3 for the application of a plant competition treatment (control, minus 
grass and minus herb, using selective herbicides). Finally, each of the plant 
competition plots was split into 12 plots (2m x 2m) for the application of various 
combinations of mineral nutrients nitrogen (N) phosphorus (P) potassium (K) and 
magnesium (Mg). This gives a total of 1152 of the smallest 4m^ plots (see Chapter 
Two; Figure 2.1 for a plan of the experiment). 
96 
Invertebrate herbivores in Nash's Field Chapter 3 
Pesticide treatments 
Insecticide treatment involved a cocktail of knock-down (Ambush, 
permethrin synthetic pyrethroid at 150 g a.i. ha"') and systemic (Dimethoate-40; 
-1 
applied at 350 g a.i. ha ) insecticides, applied on 3 occasions each year from 1992. 
In addition, a soil insecticide (Dirzban; at 2 g a.i. m" ) was applied once in spring in 
1992, 1994 and 1995. Insecticides were applied using a hand-pumped, back-pack 
sprayer, during calm, dry spells at the beginning of the rapid growth phase (late April 
or early May), at peak flowering (July) and in late summer (August or September), 
with precise timing depending upon weather conditions and the phenology of the 
sward. Molluscicide was applied at the same 3 times, as pellets of metaldehyde 
('Mifaslug') at 3% w/w (0.01 kg m" ) using a 2-wheeled, land-driven spreader. 
Effectiveness of molluscicide 
Molluscs were trapped across the experiment, in the summers of 2004, 2005 
and 2006. Molluscs were trapped using pit-fall traps baited with beer. The numbers 
of molluscs trapped on plots receiving molluscicide was significantly lower than on 
control plots (2004p<0.001; 2005 jxO.OOl). A total of 48 molluscs were trapped on 
plots receiving molluscicide over two summers, compared to 1236 molluscs trapped 
on the control plots. A significant reduction in mollusc numbers on molluscicide 
plots was also found in 2006, when molluscs were trapped before the first 
molluscicide application of the year (p<0.001), there were seven times as many 
molluscs on the control plots compared to treated plots. Trapping itself did not seem 
to affect mollusc numbers because by comparing the first trapping of each year, there 
is no evidence of a decline in numbers over the three years: on 21 May 2004 an 
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average of 14 molluscs were caught on untreated plots; on 25 May 2005 an average 
of 28 molluscs were caught and on 16 May 2006 an average of 56 were caught. 
Mollusc numbers were also affected by insecticides, with significantly more 
molluscs found on insecticide treated plots (2004 jp=0.04, 2005 p<0.01), presumably 
due to lack of beetle predators, and by rabbits, with significantly more molluscs 
found in grazed areas than in fenced (2004 ^<0.001; 2005 j9<0.01; 2006 /><0.01). 
This difference was larger in 2004 with five times as many molluscs trapped in 
grazed areas, in 2005 only 1.3 times as many molluscs were found in the grazed 
plots. 
Effectiveness of insecticide 
The total biomass of insects across the plots was assessed by taking sweep 
net samples in May 2006, by Will Evans an undergraduate project student. One set 
of samples was taken before the first set of insecticides of the year were applied, i.e. 
eight months since the last application, and the other set just after the insecticides 
had been applied. Significantly lower insect biomass was found on sprayed plots in 
both sets of samples (before insecticides p<0.01; after insecticides j:7<0.01), 
indicating that the insecticides were able to achieve long-term suppression of insect 
populations in this experiment. 
Data collection 
Unless otherwise stated, the data presented here come from surveys carried 
out in 2004, 2005 and 2006. Percentage cover of all vascular plant species was 
estimated by eye and recorded in all of the 1152 4m^ in 2005 and 2006. In 2004, 
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percentage cover was recorded on 288 plots: those unlimed with the following 
nutrient treatments: control (no nutrients); all nutrients (nitrogen, phosphorus, 
potassium and magnesium); +N (nitrogen alone); +P (phosphorus alone); +K 
(potassium alone) and +PK (potassium and phosphorus together). 
Sorted biomass samples were also taken in some years. In early August a 
biomass sample measuring 50cm x 25cm was cut using scissors to leave a 1cm 
stubble from the central Im x Im section of certain 2m x 2m plots. Bagged material 
was sorted to species in the laboratory and oven dried at 80°C for 24 hours then 
weighed. Standing dead material, regardless of species was assigned to a single 
category (DOM = "dead organic matter"). Bryophytes were not sorted to species, but 
weighed in aggregate. In 2004 biomass samples were taken on 64 plots, unlimed 
plots that had never had herbicide and, from the following nutrient additions: control 
(no nutrients); all nutrients (nitrogen, phosphorus, potassium and magnesium); +N 
(nitrogen alone); +P (phosphorus alone). In 2006 biomass samples were taken from 
all the unlimed plots receiving either all nutrients or no nutrients (96) and from all of 
the unlimed, control herbicide plots (192). Biomass data from earlier years 1992-
2000 are also presented, to show development of the effects during the first eight 
years of the experiment, in this case, data were taken from unlimed plots, never 
treated with herbicides. Percentage cover data from 2000 and 2001 were also used in 
some of the time series. 
In January 2007, the pH of every 2m x 2m plot was measured using an 
electronic pH meter (see Chapter Two for further details). 
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Statistical analysis 
For continuous response variables like total biomass I used a split-plot analysis of 
variance, with a separate error term for each of the 5 plot sizes (Crawley 2007b). For 
a continuous response variable y the model formula for the full split-plot analysis of 
variance was: 
y~Insect*Mollusc*Rabbit*Lime*Competition*Nutrient+ 
Error(Block/Plot/Rabbit/Lime/Competition) 
where the Error term describes the nesting of the 5 different plot sizes within each 
block. Block is an 8 level factor (K-S, with no block "O"), Rabbit is a 2-level factor 
(fenced or grazed), Lime is a 2-level factor (limed or not), Competition is a 3-level 
factor (control, minus-grass, or minus herb), and Nutrient is a 12-level factor (see 
above). The error degrees of freedom used in testing hypotheses about main effects 
of each of the treatments were as follows: Insect and Mollusc exclusion d.f. = 4, 
Rabbit exclusion d.f. = 4, Lime d.f = 8, Competition, d.f = 32, Nutrients d.f = 528 
For percentage cover data the results were arcsine transformed and analysed using 
nested ANOVA (see Table 3.2 for a sample analysis using percentage cover of 
Holcus mollis). Derived variables such as Shannon's H' 
H' =Zp,logp/ 
where pi is the proportion of the zth species, from percentage cover data, were 
calculated from the cover data and analysed untransformed. Species richness data 
were analysed in a linear mixed effects model, using the R package lme4 (Bates and 
Sarkar 2007), with Poisson errors and Insects, Molluscs, Rabbits, Lime, Herbicide 
and Nutrients (or a selection of these) as fixed effects and the nesting structure above 
as random effects (see Table 3.1 for the analysis of species richness on unlimed plots 
using a linear mixed effects model). Presence/absence data were also analysed, i.e. 
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whether a species occurred in a 4m^ plot or not, using linear mixed effects models 
with binomial errors. All statistical analyses were carried out in R version 2.5 (R 
Development Core Team 2007) 
3.4 Results 
Species richness, evenness and productivity 
Insects had a significant effect on species richness in all three years, where 
pH had not been experimentally increased by liming (Figure 3.1). Between two and 
three species were lost from each 4m^ plot when insecticides were applied. The 
molluscs also had effects on species richness on the unlimed plots, but in contrast to 
the insects, species richness was increased when these herbivores were removed 
(Figure 3.2), with an average of 1.5 extra species where molluscs were removed. 
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FIG. 3.1: The effect of insecticide application on average species richness on the unlimed 
plots in Nash's Field in 2004, 2005 and 2006. Error bars are +/- one standard error of the 
mean and were calculated from untransformed values. These effects were significant each 
year in linear mixed effect models with Poisson errors (2004 p<0.001; 2005 p<0.001; 2006 
p<0.001). 
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FIG; 3.2; The effect of molluscicides on average species richness in Nash's Field in 2004, 
2005 and 2006. . Error bars are +/- one standard error of the mean and were calculated from 
untransformed values. Significant effects of molluscs were detected in the linear mixed 
effects models in 2005 and 2006 (2005 p<0.001; 2006p=0.01) 
103 
Invertebrate herbivores in Nash's Field Chapter 3 
Species richness was also affected by interactions between the invertebrate 
herbivores and rabbits on the unlimed plots. In 2006 there were significant 
interactions between insects and rabbits, molluscs and rabbits and a significant three 
way interaction between all herbivore groups (see Table 3.1). The mollusc x rabbit 
interaction (p=0.02) was also significant in 2005. Molluscs had a greater effect on 
species richness in fenced plots, where there was an average of two extra species 
following mollusc exclusion compared with grazed plots where plots receiving 
molluscicide contained on average one extra species. Insects had a greater effect on 
the grazed plots: on average 2.8 species were lost on sprayed fenced plots, but 3.8 
from sprayed grazed plots. The three-way interaction meant that on the fenced plots, 
species richness was highest with insects present but molluscs excluded. This 
pattern was less clear on the grazed plots, where the control plots with both 
herbivores present contained almost as many species. 
There were no effects of interactions between insects or molluscs and 
fertilizer application on species richness. Insects did not interact significantly with 
lime to affect plant species richness although the insect effect on richness was clearer 
on the unlimed plots. There was a mollusc x lime interaction in 2006 (p=0.02) 
molluscs had a larger effect on species richness on limed plots where their removal 
increased richness by 3.3 species per 4m^ plot, compared to 1.7 per 4m^ plot in the 
unlimed areas. Molluscs also interacted with pH on the unlimed plots (mollusc x pH 
j!?=0.01) because there was a positive correlation between pH and species richness on 
the unlimed plots but this was only apparent when molluscs were excluded, there 
was no significant effect of pH on species richness on control plots (p=0.43) but 
there was on plots with molluscicide (p<0.01). 
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Table 3.1: sample analysis of species richness in a linear mixed effects model , on the 
unlimed plots in 2006. Model was fit using Laplace in the lme4 package in the R statistical 
programme. See methods for an explanation of the factors 
Random effects: 
Groups Name Variance Std.Dev. 
Herbicide:(Rabbits:Block) (Intercept) 0.0041440 0.064374 
Rabbits:Block (Intercept) 0.0015563 0.039449 
Block (Intercept) 0.0129086 0.113616 
number of obs: 576, groups: Herbicide:(Rabbits:Block), 48; Rabbits:Block, 16; 
Block, 8 
Estimated scale (compare to 1 ) 1.075259 
Fixed effects: 
Estimate Std. Error z value Pr ( >|z| ) 
(Intercept) 2.22105 0. ,09709 22 , 876 < 2e-16 * * * 
Insecticide -0.19122 0, . 13844 -1. ,381 0. 16721 
Molluscicide 0.32517 0, . 13578 2 . 395 0. 01663 * 
Rabbits 0.13803 0, .07584 1, ,820 0. 06875 
Insecticide:Molluscicide -0.21122 0, . 19427 -1, ,087 0. 27691 
Insecticide:Rabbits -0.38129 0, .11325 -3. .367 0. 00076 * * * 
Molluscicide:Rabbits -0.28493 0, . 10505 -2. .712 0. 00668 * * 
Insecticide:Molluscicide:Rabbits 0.43625 0, . 15634 2, .790 0. 00527 * * 
Evenness was measured using the Shannon index and was significantly 
reduced when insects were excluded (Figure 3.3). There was also an interaction 
between insects and fertilizer and between rabbits and fertilizer (Figure 3.3). Insects 
increased evenness on all nutrient treatments but this effect was strongest on the 
plots receiving nitrogen (particularly nitrogen and phosphorus). Rabbits had a 
smaller effect on evenness, their impact was also affected by nitrogen fertilization; 
they increased evenness on plots receiving nitrogen, whereas they decreased it 
otherwise (Figure 3.3). A three-way interaction was also significant in both years in 
the nested ANOVAs (2005 p=0.03; 2006 /><0.001), This meant that on nitrogen-
addition plots. Shannon was highest on grazed plots without insecticide, and lowest 
on grazed plots with insecticide. On plots without nitrogen added, the Shannon index 
was maximised on fenced plots without insecticide but was still lowest on grazed 
plots with insecticide. 
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ANOVAs were conducted separately for each nutrient treatment and these 
showed a main effect of insects on evenness only on the plots receiving nitrogen and 
phosphorus. Using only the sown magnesium addition plots (see Chapter 2) 
molluscs had a significant, negative effect on evenness (/?=0.03). On the minus 
magnesium plots (also sown but receiving nitrogen, phosphorus and potassium) 
molluscs reduced evenness, but here only on the limed plots (mollusc x lime 
interaction /»=0.04). 
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FIG 3.3: Effects of rabbits and insects on Shannon H' on the twelve nutrient combinations. 
Fertilizer codes follow Figure 2.1, the ordering of fertilizer levels follows that in Figure 2.2, 
2000 data. Insects significantly decrease Shannon: from linear mixed effects models 
(p=0.02) (also in 2005 /?=0.04). A negative term for biomass (p<0.0001) and a positive one 
for pH (p=0.03) on unlimed plots, significantly improved the fit of the model and increased 
the significance of the insect effect (p<0.01). The insect fertilizer interaction was significant 
in nested ANOVA (p=0.01). Rabbits had no main effect on Shannon H' but an interaction 
between rabbits and fertilizer in nested ANOVA was significant (p<0.0001). 
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Individual species responses 
Main effects of insects and molluscs: increasers and decreasers 
Species are termed "increasers" if they increase in the presence of a herbivore 
and "decreasers" if the decrease with a particular herbivore (Crawley 1983). 
Insecticide application increased the percentage cover of the grass Holcus mollis 
(Figure 3.4; Table 3.2), and there was a significant effect of insects in 2004-2005 
(see Table 3.3). Percentage cover of this grass was on average more than twice as 
high on plots where insecticides have been sprayed compared to unsprayed plots, 
suggesting that this species was a decreaser under insect herbivory. The forbs Rumex 
acetosa and Stellaria graminea also increased when insects were removed, 
significant effects of insect removal on the percentage cover of R. acetosa were 
found in 2005 (Table 3.3); and in 2006 on the fenced plots (insect x rabbit interaction 
p=0.02), the percentage cover of S. graminea was increased by insecticides only in 
2005, (Table 3.3). Most species that responded to insect removal decreased in 
abundance meaning there were a number of increasers under insect herbivory. 
Removal of insects negatively affected five monocotyledons and thirteen herbs (see 
Table 3.3). 
Mollusc removal resulted in increases for a number of species. Significant 
main effects of molluscs were found for nine non-leguminous herbs, one legume and 
one grass, although the effect on Phleum bertolonii was not consistent and was found 
in only one year (see Table 3.1). There did not seem to be any mollusc increasers 
since no species declined when molluscs were removed. Molluscs reduced the total 
percentage cover of herbs only on plots without nitrogen and phosphorus added 
(mollusc X fertilizer interaction 2005 j:,=0.02; 2006 ;7>0.01). In the most productive 
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plots, receiving both nitrogen and phosphorus forb cover levels were too low for 
molluscs to have an effect. 
Removal of insects also reduced the recruitment of Quercus robur and fewer 
saplings were found on plots with insects removed (presence absence data 2005 
/)<0.01; 2006 j^ »=0.04). In 2005 86 4m^ plots contained Q. robur on the four blocks 
with insects present compared to just 20 plots on the blocks without insects. In 2006 
on the blocks with insects 90 plots had Q. robur seedlings compared to 30 plots on 
the blocks without insects. 
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FIG 3.4: effect of insecticides on the percentage cover of Holcus mollis in 2006, averages 
for insecticide treated and control plots, "no nutrients" = unfertilized control plots "all 
nutrients" = plots receiving annual additions of nitrogen, phosphorus, potassium and 
magnesium. Error bars are +/- one standard error of the mean and are calculated from 
untransformed values, analysis was conducted with arc-sine transformed values. 
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Table 3.2; sample analysis of Holcus mollis percentage cover in 2006 using nested ANOVA. 
of the factors 
Error: Block 
Df Sum Sq Mean Sq F value Pr(>F) 
Insecticide 1 31.3055 31.3055 11.9961 0.02573 * 
Molluscicide 1 8.4180 8.4180 3.2258 0.14691 
Insecticide:Molluscicide 1 2.8108 2.8108 1.0771 0.35797 
Residuals 4 10.4385 2.6096 
Error: Block:Rabbits 
Df Sum Sq Mean Sq ] F value Pr(>F) 
Rabbits 1 1.1682 1.1682 0.7385 0.43861 
Insecticide;Rabbits 1 7.7458 7.7458 4.8964 0.09134 
Molluscicide:Rabbits 1 2.1991 2.1991 1.3901 0.30372 
Insecticide:Molluscicide: :Rabbits 1 4.9238 4.9238 3.1125 0.15246 
Residuals 4 6.3278 1.5819 
Error: Block:Rabbits:Lime 
Df 
Lime 1 
Insecticide;Lime 1 
Molluscicide:Lime 1 
RabbitsrLime 1 
In9ecticide:Molluscicide:Lime 1 
Insecticide:Rabbit9:Llme 1 
Molluscicide:Rabbits;Lime 1 
Insecticide;Molluscicide:Rabbits;Lime 1 
Residuals 8 
Error: Block:Rabbits:Lime:Herbicide 
Sum Sq Mean Sg F value Pr(>P) 
20.1200 20.1200 41.2626 0.0002039 *** 
5.8434 5.8434 11.9838 0.0085456 ** 
2.8575 2.8575 5.8602 0.0417995 * 
1.5650 1.5650 3.2094 0.1109866 
0.7524 0.7524 1.5430 0.2493489 
0.0537 0,0537 0.1100 0.7486201 
0.0702 0.0702 0.1439 0.7142736 
0.2704 0.2704 0.5546 0,4777401 
3.9009 0.4876 
Df Sum Sq Mean Sq F • value Pr(>F) 
Herbicide 2 0. .0507 0. .0253 0 .1139 0 .89268 
InsecticideiHerbicide 2 0. .1558 0. .0779 0 .3502 0 .70721 
MolluscicidezHerbicide 2 0 , .0102 0. ,0051 0 .0230 0 .97730 
Rabbita:Herbicide 2 0, .5256 0. .2628 1 .1813 0 .31991 
LimezHerbicide 2 0. .9972 0. .4986 2 .2413 0 .12276 
Insecticide:Molluscicide:Herbicide 2 1. .3432 0. ,6716 3 .0189 0 .06295 
Insecticide:Rabbits:Herbicide 2 0. .0908 0. ,0454 0 .2040 0 .81651 
Molluscicide:Rabbits:Herbicide 2 0, .8695 0. .4348 1 .9543 0 .15820 
Insecticide:Lime:Herbicide 2 0. . 8456 0. .4228 1 .9006 0 .16597 
Molluscicide:Lime:Herbicide 2 0 . 1229 0. .0615 0 .2762 0 .76042 
Rabbits:Lime:Herbicide 2 1, .4270 0. .7135 3 .2073 0 .05376 
Insecticide:Molluscicide:Rabbits;Herbicide 2 0, .0951 0, .0475 0 .2136 0 .80879 
Insecticide:Molluscicide:Lime:Herbicide 2 0, .5527 0. .2764 1 .2423 0 .30226 
Insecticide;Rabbits:Lime:Herbicide 2 0, .0619 0. .0309 0 .1391 0 .87068 
Molluscicide:Rabbits:Llme:Herbicide 2 1, .0463 0. .5231 2 .3516 0 .11146 
Insecticide:Molluscicide:Rabbits:Lime:Herbicide 2 0, .4933 0, .2467 1 .1088 0 .34230 
Residuals 32 7, .1188 0. .2225 
Error: Within 
Df Sum Sq Mean Sq F value Pr(>F) 
Fertilizer 11 47. 421 4. 311 61 1847 < 2.2e-16 * 
Insecticide;Fertilizer 11 3. 012 0. 274 3 8858 2. ]17e-05 * 
Molluscicide;Fertilizer 11 3. 362 0. 306 4 3378 3. 146e-06 * 
Rabbits:Fertilizer 11 0. 686 0. 062 0 8852 0 .554831 
Lime;Fertilizer 11 6. 340 0. 576 8 1803 2. 722e-13 * 
Herbicide;Fertilizer 1 034 0. 047 0 6667 0 .873119 
Insecticide:Molluscicide;Fertilizer 11 2. 039 0. 185 2 6309 0 .002797 # 
Insecticide;Rabbits:Fertilizer 11 0 902 0. 082 1 1635 0 .309797 
Molluscicide:Rabbits:Fertilizer 11 0. 303 0. 028 0 3907 0 .959716 
Insecticide:Lime;Fertilizer 11 1. 263 0. 115 1 6300 0 .086791 . 
Molluscicide;Lime;Fertilizer 11 0. 560 0. 051 0 7224 0 .717395 
Rabbits:Lime;Fertilizer 11 1. 079 0. 098 1 3925 0 .172309 
Insecticide:Herbicide:Fertilizer 22 0. 533 0. 024 0 3435 0 .997981 
Molluscicide:Herbicide:Fertilizer 22 0. 868 0. 039 0 5598 0 .948493 
Rabbits;Herbicide;Fertilizer 22 1. 790 0. 081 1 1545 0 .284157 
Lime:Herbicide;Fertilizer 22 1 900 0 086 1 2258 0 .219086 
Insecticide:Molluscicide;Rabbits;Fertilizer 11 1 729 0. 157 2 2307 0 .011964 * 
Insecticide;Molluscicide;Lime;Fertilizer 11 1. 412 0. 128 1 8220 0 .047612 * 
Insecticide;Rabbits;Lime;Fertilizer 11 0. 241 0. 022 0 3105 0 .983664 
Molluscicide:Rabbits:Lime;Fertilizer 11 0 878 0. 080 1 1329 0 .332791 
Insecticide;Molluscicide:Herbicide:Fertilizer 22 1. 569 0. 071 1 0123 0 .446612 
Insecticide;Rabbits:Herbicide:Fertilizer 22 1 347 0. 061 0 8689 0 .637202 
Molluscicide;Rabbits;Herbicide;Fertilizer 22 1. 638 0. 074 1 0565 0 .391975 
Insecticide;Lime:Herbicide:Fertilizer 22 1 554 0. 071 1 0027 0 .458833 
Molluscicide:Lime:Herbicide:Fertilizer 22 0. 962 0. 044 0 6206 0 .910690 
Rabbit8:Lime:Herbicide:Fertilizer 22 0 987 0 045 0 6366 0 .898487 
Insecticide:Molluscicide:Rabbits;Lime:Fertilizer 11 1 125 0 102 1 4510 0 . 146481 
Insecticide;Molluscicide:Rabbits;Herbicide:Fertilizer 22 1 220 0 055 0 7869 0 .743448 
Insecticide:Molluscicide:Lime:Herbicide:Fertilizer 22 1 456 0. 066 0 9393 0 .542367 
Insecticide:Rabbits:Lime;Herbicide:Fertilizer 22 1 215 0 055 0 7838 0 .747361 
Molluscicide:Rabbits:Lime:Herbicide;Fertilizer 22 1 172 0 053 0 7559 0 .780667 
Insecticide;Molluscicide;Rabbits:Lime;Herbicide;Fertilizer 22 1 520 0 069 0 9808 0 .487275 
Residuals 528 37 202 0 070 
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Table 3.3: increasers and decreasers under insect, mollusc and rabbit herbivory. The relative 
difference in abundance between plots with herbivores present and plots with them excluded 
is shown for each species. Monocotyledons and legumes are shown on this page and non-
leguminous forbs on the following page. A figure of -2.5x, for instance, indicates that the 
species is 2.5 times less abundant on plots with the herbivore present compared to those 
without it. The "Data" column indicates whether percentage cover or presence absence 
("presence") data was used for means and analyses, if data comes from unlimed plots this is 
indicated in this column. Asterisks indicate significance levels: * significant at 5% ** 
significant at 1% *** significant at 0.1%. For percentage cover these come from nested 
ANOVA with arc-sine transformed data and for presence absence from linear mixed effects 
models with binomial errors. The years from which the data are derived are indicates thus: 
"04" 2004, "05" 2005 and "06" 2006. 
Species Insects Molluscs Rabbits Data 
Monocotyledons 
Anthoxanthim odoratum 05; +1.8x ** 
06: +1.7x *** 
04: -2.5x ** 
05:-7.3x*** 
06: -2.7x** 
% cover (unlimed) 
Dactylis glomerata 04: -6.7x ** 
05: -7.Ox *** 
06: -5.7x *** 
presence 
Danthonia decumbens 05: +5.5x * 
06: +285X ** 
presence (unlimed) 
Festuca rubra 04: +1.7x * 
(#:+1.8x* 
06:+1.8x* 
% cover 
Holcus mollis 04: -1.7x * 
05: -2.4x * 
06: -2.3x * 
% cover 
Luzula campestris 04:+1.9x*** 
05: +2.8x *** 
06: +3.4x * 
% cover (unlimed) 
Phleum bertolonii 05: -3.4x * 05: -7.2x ** 
06: -3.3x * 
presence 
Legumes 
Lotus corniculatus 04: -4.6x ** 
O^-Zlx* 
06: -2.3x * 
presence 
Trifolium repens 04: +10x * 
05: +2.5X * 
06: +1.6x * 
05:-2.8x * 
06: -4.2x ** 
presence 
Vicia sativa 04: -32x *** 
OS: -3.9x ** 
presence 
I l l 
Invertebrate herbivores in Nash's Field Chapter 3 
Table 3.3 continued. 
Species Insects Molluscs Rabbits Data 
Non leguminous forbs 
Achillea millefolium 04:+1.7x* 04:-1.9x* 0 * - 2 . 0 x * * presence (unlimed) 
05: -2.7x ** 
Centaurea nigra 05: +3.Ox ** 05: -2.0x * 04: -1 Ix ** presence 
06; +3.3x ** 06: -2.4x ** 05: -5.2x*** 
06: -7.3x *** 
Cerastium fontanum 06: +16.4x ** 06: +4.4x ** presence 
Cirsium arvense 05: +2.4x * presence 
06: +2.2x * 
Cirsium vulgare 05: +6.5X*** presence 
06: +12x* 
Crepis capillaris 04: +4.3x ** 04: -4.3x * 04:-3.1x ** presence 
05: +3.3x ** 05: -4.2x * 05:-4.7x*** 
06: +2.4x * 06: -4.6x * 06: -5.]x*** 
Galium aparine 06:+1.7x* (K:+1.9x* presence 
Galium saxatile 04: +2.1x ** 04: +4.1x *** presence 
05: +1.9x * 05: +3.6x *** 
06: +2.2X * 06: +3.5x *** 
Heracleum sphondylium 04: -6x * presence 
0 ^ - 2 . 6 x * 
06:-2.8x * 
Hypochaeris radicata 05: +4.Ox * 05: -4.3x * 04:-]4.7x *** presence 
06: +3.5X * 06: -5.3x * 0&-20X*** 
06: - ]2.4x** 
Leontodon autumnalis 04: +13.7x *** 04: -2.4x * 04: -3x * presence 
05: +34x *** 06: -2.4x * 05: -10.7X** 
06: +77x *** 06: -6.8x ** 
Plantago lanceolata 0 ^ - 3 J x * * presence 
05:-3.8x *** 
06: -3.3x *** 
Ranunculus acris 06: +16.5x ** 06: -4x * presence 
Ranunculus repens 05: +1.6x * 0&-3.9X*** presence 
06: +2x * 06: -4x ** 
Rumex acetosa 05:-4.1x** % cover 
Rumex acetosella 04: absent from presence 
sprayed *** 
( # : + ] 5 ^ x * 
06: +4.3X * 
Senecio jacobaea 06:+ l&2x* % cover 
St ell aria graminea 05:-15.5x * 04: +1.9X * % cover 
05: -1.4x * 
Veronica chamaedrys 05: +1.4x * presence 
06: +1.4x * 
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Interactions between insects and molluscs 
For several herb species the two groups of invertebrate herbivores had 
opposite effects, with insects increasing their abundance and molluscs decreasing it. 
There was a significant interaction between the two herbivores for the rosette 
forming Asteraceae Hypochaeris radicata (Figure 3.5) and Leontodon autumnalis 
(percentage cover 2004 /?<0.01; 2006 />=0.03) as well as the legumes Lotus 
corniculatus (presence absence 2006 p-Q.QA) and Trifolium repens (presence 
absence 2005 j9<0.01 2006 /?=0.03). All of these species increased most when 
molluscs were excluded, but insects were present. Galium saxatile showed the same 
pattern but only on the grazed plots where it was more abundant, for percentage 
cover in 2006 (insect x mollusc x rabbit interaction /»=0.04, with negative biomass 
and positive pH covariates) and abundance in 2004 (insect x mollusc x rabbit 
interaction p=0.04). Centaurea nigra, which was sown into the experiment in 1996 
(see Chapter Two) has spread most on plots with insects but no molluscs present 
(percentage cover 2005 insect x mollusc interaction p=0.02). There was also a 
suggestion that the grass Holcus lanatus may be affected by a similar interaction, 
because in 2005 there was an insect x mollusc interaction (p=0.04) for percentage 
cover on the unlimed plots and in 2006 an insect x mollusc x rabbit interaction in a 
linear mixed effect model on presence absence (p<0.01). H. lanatus was most 
abundant on plots with insects but not molluscs, particularly on the grazed plots in 
2006. 
Insect/mollusc interactions also affected Stellaria graminea, Plantago 
lanceolata and Cirsium arvense. S. graminea was generally most abundant where 
insects, molluscs and rabbits were excluded (for percentage cover insect x rabbit x 
mollusc interaction: 2004 p=0.03; 2005 ;7=0.03; 2006 /;=0.03). It was however 
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present at quite low levels, average percentage cover never rose above 1.5%, and was 
variable between years so that there was a peak on the grazed part of block P 
(+insects -mollusc) in 2006. An insect x mollusc interaction was significant for 
Plantago lanceolata and Cirsium arvense and both showed the same pattern, being 
most abundant on plots with either insects or molluscs excluded (plots N, P, M and 
Q). P. lanceolata was most common on the fenced sections of N, P, M and Q 
(presence absence: 2004 insect x mollusc interaction/'<0.01; 2005 insect x mollusc x 
rabbit interaction ^9=0.04; 2006 insect x mollusc x rabbit interaction j!?<0.01). The 
rabbit increaser C arvense (Table 3.3) was also most abundant on N, P, M and Q but 
was more common in grazed areas (percentage cover on unlimed plots; insect x 
mollusc interaction 2005 p=0.02; 2006 j9=0.04). This was only the case on the 
unlimed plots, and on the limed plots it showed a different pattern (insect x mollusc x 
lime interaction 2006 p=0.04) because it was most abundant on plots with insects but 
no molluscs (insect x mollusc interaction on limed plots 2005 j!7=0.06). 
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FIG 3.5: insect x mollusc interaction for Hypochaeris radicata in 2006. Abundance of this 
species (total number of 2m 2m plots occupied) is shown for each of the four combinations 
of molluscide and insecticide application. Error bars are +/- one standard error of the mean, 
for a binomial distribution calculated as Vp(l-p)/n. The insect x mollusc interaction was 
significant in a linear mixed effects model with binomial errors (p=0.02) also with the same 
analysis in 2004 (p<0.001) and 2005 (p=0.04). 
Several monocotyledons were affected by an insect x rabbit interaction 
(Figure 3.6). The grasses Agrostis capillaris, Festuca rubra and the rush Luzula 
campestris were most abundant on plots grazed by both insects and rabbits and least 
abundant on plots with insects excluded but rabbits present. Anthoxanthum 
odoratum was a rabbit decreaser (Table 3.3) but the rabbit effect was much stronger 
on sprayed plots (Figure 3.6). The percentage cover of H. mollis on the unfertilised 
plots followed the opposite pattern to these other grasses: it was most abundant on 
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the grazed sprayed plots and least abundant on the grazed unsprayed plots. On the 
plots fertilized with nitrogen and phosphorus H. mollis reached nearly 100% cover 
on both fenced and grazed parts of the sprayed plots so the interaction was not 
significant here, however it was significant for biomass which was lowest on grazed, 
unsprayed plots (Figure 3.6). The biomass of dead organic matter was also affected 
by an insect rabbit interaction in 2006 (Figure 3.6); on the grazed plots dead organic 
matter was higher on where insecticide were sprayed but inside the rabbit fences 
there was no difference between sprayed and unsprayed plots. Dead organic matter 
biomass was higher on grazed plots (p=0.02) because fenced plots were cut annually 
preventing the build up of litter, this build up was more substantial where insects 
were removed. 
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FIG. 3.6: The effects of insecticides and rabbit grazing on cover of four grasses in 2005, as 
well as Holcus mollis biomass and dead organic matter biomass in 2006, all data are from 
unlimed plots. In all graphs error bars are +/- one standard error of the mean and are 
calculated from untransformed values, (a) the percentage cover of Agrostis capillaris insect 
X rabbit interaction is significant (p=0.02), it is also significant in 2004 (p<0.01) and 2006 
(p=0.05). (b) the percentage cover of Luzula campestris the insect x rabbit interaction is 
significant (p=0.04) the interaction is also significant in 2004 (p<0.01) and nearly so in 2006 
0=0.08) (c) the percentage cover of Festuca rubra insect x rabbit interaction is significant 
(p=0.04) it is also significant in 2004 (p<0.01) and nearly so in 2006 (p=0.07) (d) the 
percentage cover of Anthoxanthum odoratum, insect x rabbit interaction is significant 
(p=0.02), this interaction is also significant in 2004 0=0.02) and 2006 O~0-04). (e) the total 
biomass of dead organic matter, insect x rabbit interaction is significant (p=0.05). (f) the 
biomass of Holcus mollis insect x rabbit interaction is significant in a linear mixed effects 
model with a positive term for total biomass (p=0.02). The interaction is also significant for 
H. mollis percentage cover on the unfertilised plots (2005 ^<0.01; 2006 p=0.02). 
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Galium saxatile was also increased by both rabbits and insects (see Table 3.3) 
(rabbit effects on percentage cover: 2004 /'<0.01; 2005 j!?=0.01; 2006 ^<0.01). In 
2006 there was a significant interaction between the two, so that G. saxatile was 
much more abundant on plots with both herbivores than elsewhere (insect x rabbit 
interaction j?=0.01). Senecio jacobaea was also affected by an interaction between 
these two herbivores (insect x rabbit interaction for presence absence data 2004 
p=0.02; 2005 p=0.03; 2006 p=0.02). Ragwort was most abundant on the grazed 
plots (rabbit effect on presence absence 2005 /»<0.01; 2006 ^<0.001) and here 
removal of insects reduced its abundance. On the fenced plots, however, the 
opposite was the case and removal of insects increased the abundance of S. jacobaea 
where there were no rabbits. 
Interactions between molluscs and rabbits 
A few species that increased on molluscicide plots did so particularly in 
fenced areas. Mollusc x rabbits interactions were found for several rabbit decreaser 
forbs; Centaurea nigra (percentage cover mollusc x rabbit interaction 2005 /?=0.04; 
2006 j»=0.04), Crepis capillaris (percentage cover mollusc x rabbit interaction 2004 
/?<0.01; 2006 (unlimed) ;?=0.03), Hypochaeris radicata (presence absence mollusc x 
rabbit interaction 2004 p<0.001; 2005 ^0 .03; 2006 p<0.01), Leontodon autumnalis 
(percentage cover mollusc x rabbit interaction 2004 /><0.01; 2006 (unlimed 
unfertilized plots) p=0.01) and Plantago lanceolata (presence absence mollusc x 
rabbit interaction 2004 />=0.01; 2006 /?=0.02). Molluscs did have greater effects on 
grazed plots for some species: Ranunculus repens increased when molluscs were 
removed, particularly on grazed plots (presence absence mollusc x rabbit interaction 
2005 p=0.02; 2006 p=QM). Vicia sativa was also reduced by molluscs but only on 
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the grazed plots mollusc x rabbit interaction was significant in 2006 {p=OM, 
presence absence) and nearly so in 2005 (p=0.07, presence absence). 
The strength of the insect effect for several monocotyledon species varied 
with fertilizer treatment. Insect x fertilizer interactions were significant for the 
following species: Agrostis capillaris (percentage cover 2005 p=O.Ol; 2006 
p<0.001), Festuca rubra (percentage cover 2005 /?<0.001; 2006 p<0.00\), Holcus 
lanatus (percentage cover 2005 p<0.00\-, 2006 p^O.02), Luzula campestris (2005 
j9<0.001; 2006 ^ <0.001). For all these species, insects tended to have a greater effect 
on plots with higher biomass, where the relative decrease with insecticide spraying 
was greater, although these species were typically less abundant on the productive 
plots than on others. For A. capillaris, F. rubra and L. campestris the greatest 
relative impact of insects was on the plots receiving nitrogen and phosphorus 
together, followed by plots receiving nitrogen alone, L. campestris was completely 
absent from insecticide plots with both nitrogen and phosphorus added in both 2005 
and 2006 but was present at low levels in these plots where insects were present. 
The pattern for H. lanatus was slightly different, the addition of potassium seemed to 
affect insect impact as well: the greatest relative impact of insects was on the plots 
receiving nitrogen, phosphorus and potassium followed by plots receiving nitrogen 
and potassium. 
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Trends through time 
Spraying with insecticides significantly increased H. mollis biomass in every 
year from 1993-2006 on plots fertilised with all nutrients (N, P, K and Mg) (see 
Figure 4.7). On the unfertilised plots the insecticide effect was less consistent, 
particularly inside the rabbit fences. Insecticides seemed to have a larger effect in 
rabbit grazed plots: here, in the years that insecticide increased H. mollis, the 
increase was greater than inside the fences (Figure 4.7). Agrostis capillaris showed a 
broadly opposite pattern, with a consistently negative effect of insecticides on 
fertilised fenced plots. On fertilised grazed plots the effect took longer to appear but 
after 1998, the sprayed plots had consistently less A. capillaris (Figure 4.8). On the 
unfertilised plots, the negative effect of the insecticides was greater on grazed than 
on fenced plots (Figure 4.8). The effect of insecticides on A. capillaris took many 
years to appear. The negative effects of insecticides appeared earlier for G. saxatile 
(Figure 4.9) but were inconsistent between 1995-1999. 
The effects of insecticides and molluscicides on Hypochaeris radicata 
became apparent after 1995 (Figure 4.10). A drought in 1995 (Crawley 2005) 
reduced this species and following this, it only recovered to previous levels on 
fenced plots with insects present but molluscs excluded. On grazed plots it has not 
returned to insecticide sprayed plots post 1995. Another herb Achillea millefolium, 
was also consistently most abundant on fenced, plus insect minus molluscs plots, 
post 1995 (Figure 4.11). Molluscs seem to be important even on plots without 
insects present: all mollusc exclusion plots had consistently more A. millefolium than 
any plots with molluscs present (Figure 4.11). Again on the grazed plots only insects 
seem to affect the abundance of A. millfolium, plots with insecticide applied have 
consistently less A. millefolium than unsprayed plots. 
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FIG 3.7: time series oiHolcus mollis biomass between 1992 and 2000. Solid lines are control plots, dashed lines plots sprayed with insecticide, 
"no fertilizer" refers to unfertilized controls and "all fertilizer" to plots receiving annual inputs of nitrogen phosphorus, potassium and 
magnesium. Data are taken from unlimed plots which never received herbicide treatments. Error bars are standard errors of the mean. 
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FIG. 3.8; time series of Agrostis capillaris biomass between 1992 and 2000. Solid lines are control plots, dashed lines plots sprayed with 
insecticide, "no fertilizer" refers to unfertilized controls and "all fertilizer" to plots receiving annual inputs of nitrogen phosphorus, potassium 
and magnesium. Data are taken from unlimed plots which never received herbicide treatments. Error bars are standard errors of the mean. 
122 
Invertebrate herbivores in Nash's Field Chapter 3 
0.8 -I 
0.6 
0.4 
0.2 
0.0 
— control 
- - sprayed 
- I " " 
I 
1994 1996 1998 2000 2002 2004 2006 
FIG. 3.9; proportion of plots occupied by Galium saxatile between 1992 and 2006. Solid lines are control plots, without insecticide, and dashed 
lines are insecticide treated plots. Data are from sorted biomass 1992-1999 and percentage cover 2000,2001 and 2004 to-2006, there is no data 
from 2002 or 2003. Data are the proportion of 2mx2m plots in which Galium saxatile was found. Error bars are standard errors calculated as 
V(p(l-p)/n), where p = proportion of plots occupied by G. saxatile and n = total number of plots 
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FIG: 3.10: proportion of plots occupied by Hypochaeris radicata between 1992 and 
2006. Solid lines are control plots, without insecticide, dashed lines are insecticide 
treated plots, blue lines plots treated with molluscicide, black lines control plots not 
treated with moluscicide. Data are from sorted biomass 1992-1999 and percentage 
cover 2000-2006 (there is no data from 2002 and 2003) and are the proportion of 
2mx2m plots in which by Hypochaeris radicata was found. Error bars are standard 
errors calculated as V(p(l-p)/n), where p = proportion of plots occupied by H. 
radicata and n = total number of plots 
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FIG. 3.11: proportion of plots occupied by Achillea millefolium between 1992 and 
2006. Solid lines are control plots, without insecticide, dashed lines are insecticide 
treated plots, blue lines plots treated with molluscicide, black lines control plots not 
treated with moluscicide. Data are from sorted biomass 1992-1999 and percentage 
cover 2000-2006 (there is no data from 2002 and 2003) and are the proportion of 
2mx2m plots in which by Achillea millefolium was found. Error bars are standard 
errors calculated as V(p(l-p)/n), where p = proportion of plots occupied by H. 
radicata and n = total number of plots 
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3.5 Discussion 
A fifteen-year study in Nash's Field, Silwood Park, revealed important 
effects of invertebrate herbivores on the biodiversity of grassland. Removal of 
insects reduced species richness and evenness: the grass Holcus mollis increased in 
biomass and percentage cover and consequently, several other species of grasses, as 
well as herb species, declined on plots receiving insecticide. Molluscs had the 
opposite effect on species richness: their removal led to increases in the abundance 
and cover of several herb species. Species richness and the percentage cover of 
many herbs was highest on plots from which only molluscs were excluded, 
suggesting that insects and molluscs have opposing effects biodiversity in this 
grassland. The dominant vertebrate herbivores in this grassland, rabbits, also reduce 
the dominance of tall grasses so that insects and rabbits have more similar effects: 
several monocotyledons are most abundant where these herbivores are present 
together. 
Insect herbivores acted to reduce the competitiveness of a dominant grass 
species, their removal increased the growth of H. mollis, and this led to declines in 
competing grass species and many herb species. Herbivory on tall dominants is 
known from many systems to increase grassland diversity because it prevents them 
from monopolising resources (Milton 1940, McNaughton 1985, Milchunas et al. 
1988, Huntly 1991, Crawley 1997, Collins et al. 1998, Olff and Ritchie 1998, Carson 
and Root 2000). By reducing the biomass of H. mollis insects may increase resource 
levels for competing species (Brown 1994). H. mollis is a good competitor tor light, 
as shown by its increase following eutrophication, (nitrogen and phosphorus 
addition), (see Chapter Two) so it is likely that insect herbivory increases light levels 
for other species. This notion is supported by the declines in many low growing herb 
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species following insect exclusion. Insects therefore play a keystone role in 
maintaining the diversity of this grassland by reducing the dominance of mollis, in 
a similar manner to the specialist insect herbivores studied by Carson (2000) and 
Bach (1994). 
These results also agree with those from agricultural settings where pesticides 
are sometimes sprayed to increase yield (Clements et al. 1990b). By reducing the 
growth of a tall growing grass species insects act in a similar manner to vertebrate 
herbivores that reduce sward height and allow coexistence of low-growing species 
(Milton 1940, Rawes 1981, McNaughton 1985, Belsky 1992, Collins et al. 1998, 
Ritchie et al. 1998). These results also show that even non-outbreaking insect 
herbivores can have important effects in plant communities; there is no evidence here 
of outbreaks and the insect effect is consistent in the nutrient addition plots. 
Insects were able to reduce the dominance of H. mollis even in the most 
productive plots (Figure 4.4) and there is no suggestion that the insect effect declines 
with productivity, as suggested by some theories (Oksanen et al. 1981, Eraser 1998, 
Schadler et al. 2003). The opposite may in fact be the case, in that the insect effect is 
more consistent over time on productive plots compared to less productive ones 
(Figure 4.7). Over the course of the experiment insect removal has resulted in 
increased H. mollis biomass in every year on productive plots, (receiving N and P). 
The greater suppression of H. mollis biomass in productive areas could be due to a 
resource concentration effect (in these plots, the density of H. mollis was greater than 
in unproductive plots) which predicts greater effects of specialist herbivores when 
host plants are more abundant (Root 1973, Long et al. 2003, Carson et al. 2004). 
Increased resource quality on nutrient addition plots may also explain the increased 
insect herbivory (Ritchie et al. 1998). 
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Insect effects on Shannon values were also proportionally greater in 
productive plots (Figure 4.3) as in these areas, competing grass species suffer more 
from competition from H. mollis and virtually disappear when insect herbivores are 
removed as well. A. capillaris, F. rubra, H. lanatus and L. campestris all decreased 
on productive plots but these decreases were most severe without insects; L. 
campestris was completely absent from productive plots treated with insecticide. The 
negative effect of insect removal on A. capillaris was more consistent over time on 
productive plots, compared to unproductive ones and took longer to become evident 
on unfertilised plots. This suggests insect herbivore impact was even more 
beneficial to these other species in conditions of increased light competition, perhaps 
agreeing with suggestions that herbivore impact should be greater in more productive 
conditions when subordinates benefit more from the reduction in biomass of tall 
growing species (Milchunas and Lauenroth 1993, Gough and Grace 1998, Proulx 
and Mazumder 1998, Chase et al. 2000, Bakker et al. 2006). H. mollis was limited 
by nutrients and herbivory in the less productive areas but was only limited by its 
herbivores in the nutrient addition plots, allowing it to form a virtual monoculture 
when insects were removed from these productive plots. 
Insect herbivore impact on subordinate species may also vary with 
environmental conditions such as moisture. Insect exclusion reduced the abundance 
of Galium saxatile in 1993 and 1994 at the beginning of the experiment but the 
insect effects on G. saxatile were small and inconsistent from 1995-1999, post-1999 
there were once again substantial effects. As discussed elsewhere (Chapter Two) a 
drought during 1995 and 1996 substantially reduced the populations of many herb 
species. This result suggests that the insect herbivore effects on G. saxatile were not 
as apparent during and just after the drought (Edwards and Crawley 1999b), perhaps 
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because the cover of H. mollis had been reduced and G. saxatile therefore suffered 
less from competition. Insects herbivore impact is therefore greater in both 
productive plots, where productivity is enhanced by nutrient addition, and in 
productive years, where productivity is increased by rainfall. 
The most important insect herbivores in this system seem to be those that 
feed on H. mollis and the most important of these is the aphid Diuraphis hold 
(McNeill unpublished) which forms galls and lives inside the stems of H. mollis. 
This insect can reach high densities and greatly reduce the vigour of its host plant. 
Other grass-feeding insects did not seem to have as large impacts on the community 
as no other grass species increase in biomass following insect exclusion (see Table 
4.1). 
Insects feeding on Rumex acetosa may also be capable of reducing its 
abundance and the percentage cover of this species was higher on insecticide plots. 
Some other species increased without insects but only under some conditions: S. 
graminea is most abundant on fenced plots without insects or mollusc, so may have 
suffered herbivory from all three groups of herbivores, although the insect effect 
must be interpreted with caution as Hector et al. (2004) found positive effects of 
dimethoate insecticide on this species. P. lanceolata and C. arvense (on unlimed 
plots) showed more complex patterns, being most common without either insects or 
molluscs, suggesting that they too suffered herbivory from both groups of 
invertebrate herbivores. However, they were not abundant on plots with both groups 
of herbivores excluded, perhaps due to increased competition from H. mollis. The 
dominant effect of D. hold is likely to mask effects of other insect herbivores that 
might feed on species competing with H. mollis and this is a general problem with 
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blanket exclusions of such a varied group of herbivores as insects (Crawley and 
Pacala 1991, Pacala and Crawley 1992). 
The reduction in species richness with mollusc grazing is due to their feeding 
preferences. Mollusc herbivores are known to feed preferentially on herbs and herb 
seedlings (Dirzo 1980, Hanley et al. 1995a, Fenner et al. 1999, Peters et al. 2000, 
Hanley et al. 2003). They reduce seedling recruitment and by feeding selectively are 
able to exclude preferred species from the grassland (Hulme 1994, Hanley et al. 
1995a, 1996b, Wilby and Brown 2001). In particular they prefer Asteraceae species, 
in this experiment half of the herbs that decreased under mollusc herbivory were 
members of this family, and these were some of the species that showed the largest 
increases when molluscs are removed. There were no species that were "increasers" 
under mollusc herbivory, probably because removal of these herbs did not allow 
competitive release for any grass species, because the nature of competition between 
the two is asymmetric, the dominant is not affected by the subordinate species 
(Freckleton and Watkinson 2001). It might be expected that herbs which are 
unpalatable to molluscs should decrease when they are removed due to increased 
competition from palatable species (Hanley et al. 1995a, 1996b) but there was no 
evidence for such an effect here, meaning it may be less important in undisturbed 
grassland (Chapter Five). By reducing the abundance of certain herbs, molluscs 
reduced total species richness in the grassland and this demonstrates that herbivores 
that remove negligible biomass can still have substantial impacts on biodiversity by 
selective feeding at the seedling stage (Hulme 1996b). 
The mollusc effect took many years to appear due to the fact that seedling 
recruitment in perennial grassland is a slow and episodic process (Turnbull et al. 
2000, Bartha et al. 2003). Effects on both H. radicata and A. millefolium started to 
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become apparent a few years after a drought in 1995 which reduced total biomass 
(Chapter Two), as well as the populations of these herbs, particularly, H. radicata 
(Figures 3.10, 3.11). Herbivory also constrained the recovery of these species from 
the drought; H. radicata had recovered to pre-drought abundance levels six years 
later on plots with molluscs and rabbits excluded but insects present. On all other 
plots, it had still not recovered and remained at low abundance, eleven years later. In 
this case, seedling herbivores may have enhanced the effect of this environmental 
perturbation by reducing recruitment and delaying population recovery for at least 
eleven years. Seedling herbivores may, therefore, have important impacts in these 
grasslands, but medium-term studies will tend to underestimate it conversely short-
term studies that stop after demonstrating an effect on seedlings will be likely to 
overestimate mollusc impact (see Chapter Five). 
Although they affect species richness molluscs have no effects on Shannon 
H' except on the plots sown in 1999 (see Chapter Two). Two of the species that 
established following seed sowing were tall herbs Centaurea nigra, on the 
unfertilised sown plots (+Mg) and Heracleum sphondylium on fertilised sown plots 
(-Mg), particularly in the limed areas. By reducing the abundance of these bulky 
species, molluscs reduced evenness on the +Mg plots and on the limed -Mg plots. 
The other species affected by mollusc herbivory were low-growing herbs that had 
lower percentage cover and therefore had less effect on Shannon H'. 
Mollusc effects tended to be larger inside rabbit fences, despite the fact that 
molluscs were more abundant in the grazed areas. The effect of molluscs on 
Hypochaeris radicata and Achillea millefolium over the course of the experiment 
was also consistently greater inside the rabbit fences (Figure 4.10 and 4.11). This 
could be because many of the species affected by molluscs are decreasers under 
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rabbit grazing, such as the composite species C nigra, C. capillaris, H. radicata and 
L. autumnalis as well as P. lanceolata (Table 3.3). In addition rabbits are important 
seedling predators themselves (Crawley 1990) (Chapter Five), so mollusc effects 
may have been more obvious where the rabbits were not present. Mollusc effects on 
species richness were also larger on the limed plots, which may be a consequence of 
the different disturbance regime there. Liming increased worm numbers, which 
leads to greater mole activity (Edwards et al. 1999) providing increased microsites 
for seedling germination. It might be expected that seedling herbivores would have 
larger effects in areas with more disturbance (Buschmarm et al. 2005) (Chapter Five). 
Mollusc effects were not apparent in the productive plots where forb 
abundances were very low. This may be because in these plots, their food plants 
were absent, so unlike insects which had greater impacts at higher productivities, 
molluscs had smaller impacts here. This agrees with the model of Huisman et al 
(1998), who suggested that herbivores that feed on low growing plants will decline 
with increasing productivity, in a light limited system. 
One grass species deceased with mollusc herbivory: P. bertolonii increased 
on molluscicide plots but this increase was significant only in 2005. H. lanatus may 
also have benefited from mollusc removal, where insects were present. Molluscs are 
not normally thought to feed on grass species but some studies have shown them 
killing grass seedlings without eating them and in one feeding trial, H. lanatus was 
shown to be eaten by slugs (Dirzo 1980). Some cage studies have also demonstrated 
mollusc effects on grasses, even suggesting that this could result in an increase in 
diversity under mollusc herbivory (Buckland and Grime 2000, Buschmann et al. 
2005). This study suggests that mollusc effects on grasses are much smaller than 
their effects on herb species, the grasses that are affected are also relatively 
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uncommon and reductions in these species do not lead to increases in any other 
species. This means that in this system the overall effect of molluscs on plant 
species richness is negative. 
The opposing effects of insects and molluscs in this grassland resulted in a 
compensatory interaction. Insects increased species richness and total herb cover, 
whereas molluscs decreased both. The effect of mollusc removal was seen only 
when insects were present, because when insects were removed the abundance of 
herbs decreased, as a result of increased grass competition, so that removing 
molluscs had no effect. This can be seen clearly for Hypochaeris radicata 
particularly on fenced plots (Figures 3.3 and 3.10). An interaction such as this 
indicates the importance of factorial exclusions of herbivores. The different effects 
of these two groups of invertebrates results from their different feeding preferences, 
so these results agree with the general principle that herbivores that feed on 
competitive dominants will increase diversity, whereas those that feed on 
subordinates will decrease diversity (Pacala and Crawley 1992). 
Insects and rabbits acted in broadly the same way on plant community 
structure: they both reduced the dominance of tall grasses, particularly H. mollis, and 
therefore allowed coexistence of other species. These groups of herbivores, 
therefore had an additive interaction, and the abundance of several graminoid species 
was greatest under combined insect and rabbit grazing. Additive interactions 
between insects and sheep were found by Gibson et a). (1987), who found that 
together the two groups of herbivores increased species richness but neither had 
effects on richness on their own. Several graminoid species were least abundant 
where insects were excluded from grazed plots and negative effects of insect removal 
on Agrostis capillaris were consistently greater in grazed areas (Figure 3.8). The 
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opposite was true for Holcus mollis', over the course of the experiment, positive 
effects of insect removal, on H. mollis, have been greater on the grazed plots (Figure 
3.7). This may indicate increased feeding by rabbits on these species instead of H. 
mollis, which could result from changes in the palatability of H. mollis when not fed 
upon by insects. Herbivores have been shown to alter the palatability of the plants 
they feed on by increasing nitrogen content in their re-growth tissues, for example 
(Ohgushi 2005). Alternatively rabbits may avoid areas sprayed with insecticide 
although there was no evidence for an insect x rabbit interaction on Arrhenatherum 
elatius, which in the limed areas becomes dominant on productive plots in place of 
H. mollis (see Chapter Two). This species is palatable to rabbits and would be 
expected to follow the same pattern if the effect was solely driven by rabbit 
avoidance of insecticide. Removing insect herbivores increased the build up of litter 
and this particularly on the grazed plots because inside the rabbit fences the 
grassland was cut annually thus preventing litter accumulation. This cutting may, 
therefore, have reduced the negative effects of removing insect herbivores inside the 
rabbit fences; litter build-up may be an important mechanism whereby growth of low 
growing species is reduced (Facelli and Pickett 1991, Gough and Grace 1998). 
Non-target effects of pesticides 
Insecticides can have three main types of non-target effect: phytotoxic effects 
on plant species, effects on other invertebrates or on vertebrate feeding, and 
unintended addition of limiting nutrients (Siemann et al. 2004). Molluscicides are 
likely to have only the first two effects. Phytotoxic effects of the insecticide 
dimethoate, on the growth of fourteen species of plants and of the molluscicide 
metaldehyde on germination of six species were assessed by Hector et al. (2004). 
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Growth of only three species (of which only one, Stellaria graminea, is present in 
Nash's Field) were increased by insecticide application, the effect sizes for these 
species were small, however, and none of the species were affected by molluscicides. 
Gange et al. (1992) tested the effect of dimethoate on germination of 20 species and 
found no effect of it on nine perennial forbs or two perennial grasses, although they 
did find that it reduced germination in six annual forbs and one annual grass. Annual 
species are very uncommon in Nash's Field, so this is unlikely to be important for 
the present experiment. Phytotoxic effects of the insecticides and molluscicide used 
here were also assessed for a range of species growing in Nash's Field and no large 
effects were found (Heard 1999). 
Pesticide impacts on other herbivores may also be important. In this 
experiment molluscs and rabbits were factorially excluded along with insects so if 
these groups were affected by non-target impacts this can be assessed. For example 
if insecticide application reduced rabbit grazing, insect effects should not be seen in 
fenced plots. 
Further, soil fauna may be affected by insecticide application. Edwards et al. 
(1999), found no effects of insecticide or molluscicide application on worm numbers 
in this experiment. Tullgren extraction of soil samples from the fenced and unfenced 
sections of plots K, L, M and Q (i.e. only looking at insect effects and ignoring 
molluscs) was carried out in 2006. Four samples from each fenced and unfenced 
section were taken and then pooled. There were no significant effects of insecticide 
on numbers of Lumbricids (agreeing with results above) (p=0.08), Diplopoda 
(p=0.32), Isopoda (p=0.09), Enchytraeids (p-0.55), Chilopoda (p=0.36) or 
Colembola (p=0.93). Significant effects were found for ants (p=0.02); 
unsurprisingly they were less abundant on plots sprayed with insecticide. An insect 
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X rabbit interaction was significant for Diplurans (p=0.02), they are increased by 
insecticides in grazed areas but decreased by them in fenced areas but this pattern 
could be driven by a peak in abundance on M grazed and the absence of these 
species from Q fenced. 
Insecticides could also add limiting nutrients to the soil. Dimethoate contains 
6.11% nitrogen and 13.52% phosphorus (Siemann et al. 2004). This means that at 
application rates used in this experiment, dimethoate will add 0.06kg of nitrogen ha"' 
year'' and 0.14kg phosphorus ha"' year"'. This is in comparison to additions of 
100kg nitrogen ha"' year"' and 35kg phosphorus ha ' year"' meaning that any insect 
effects on nutrient addition plots are unlikely to be due to enrichment of nitrogen or 
phosphorus by the insecticide. In addition, Siemann et al. (2004) concluded that 
direct nutrient enrichment effects were unlikely to be an important source of artefacts 
in experiments with insecticides. 
3.6 Conclusion 
Long-term exclusion of invertebrate herbivores revealed that they can have 
important effects on grassland biodiversity. These herbivores are often overlooked 
but these results suggest that they should be considered more often. Other groups 
such as plant pathogens and below-ground herbivores should also be considered 
(Brown and Gange 1989, Van der Putten and Peters 1997, Van der Putten et al. 2001, 
De Deyn et al. 2003, Wardle et al. 2004, van Ruijven et al. 2005). Insect herbivores 
have been shown, in this grassland, to play a keystone role in maintaining 
biodiversity. They were able to act in a similar manner to the vertebrate herbivores 
in this grassland, showing that body size may not be a good general guide to impact 
when specialist insects are involved. Here the two herbivores with the most 
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dissimilar body size (rabbits and insects) had similar effects, and the two small 
herbivores (insects and molluscs) had opposing effects. Further work needs to be 
done to discover how common these effects are and how often insects feeding on the 
competitive dominant have similar effects on plant community structure to those 
observed here. If these effects are common they could represent an important 
mechanism of coexistence, particularly if insect suppression becomes more 
important as plant density increases, preventing species from forming dense stands 
(Chesson 2000, Carson et al. 2004). More field exclusions of insect herbivores are 
needed to answer these questions. 
Mollusc effects in perennial grassland communities have seldom been 
investigated: this study shows the potential for these seedling herbivores to have 
substantial effects, reducing the population density of certain herb species by 
increasing mortality at the seedling stage. These effects were slow to appear, 
however, because herb recruitment takes a long time in these communities and large 
mollusc effects were not visible for the first ten years of the study. More long-term 
experiments are therefore needed, run for decades rather than years. Interactions 
between herbivores have received relatively little attention but may be important for 
the plant community, as herbivores could modify each others' effects. Herbivore 
impact may also be modified by factors such as the level of productivity. 
Experiments that factorially manipulate these factors in a range of other communities 
could shed light on how important these interactions are. 
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CHAPTER FOUR 
INTERACTIONS BETWEEN INVERTEBRATE HERBIVORES 
AND FUNGAL PATHOGENS: EFFECTS ON GRASSLAND 
BIODIVERSITY 
4.1 Abstract 
Less well studied plant enemies, such as insects molluscs and fungal pathogen could 
play important roles in maintaining grassland biodiversity. Factorial exclusions of 
these groups along with rabbits were carried out in acid grassland in Silwood Park, 
southern of England. In the second and third year of the experiment, effects of all 
these plant enemies were apparent. Removal of both insects and fungal pathogens 
had resulted in increases in biomass and reductions in species richness, although 
different dominant grass species were increased by removal of the different groups; 
Holcus lanatus benefited from insecticide application and Festuca rubra increased 
where fungicides were sprayed. In contrast mollusc herbivores reduced the 
abundance of certain sub-dominant herbs. This suggests a potentially important role 
for specialist plant enemies in maintaining the biodiversity of grasslands. The 
importance of interactions between plant antagonists is also highlighted: their impact 
on plant communities may depend on what other plant enemies are present. 
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4.2 Introduction 
Herbivory can be an important factor allowing plant species to coexist 
(Mcbrien et al. 1983, Davidson et al. 1984, McNaughton 1985, Brown et al. 1988, 
Noy-meir et al. 1989, Belsky 1992, Brown and Gange 1992, Pacala and Crawley 
1992, Hulme 1996b, LenziGrillini et al. 1996, Collins et al. 1998, Olff and Ritchie 
1998, Ritchie et al. 1998, Carson and Root 2000, Bach 2001, Hart 2001). The 
herbivores that are generally accepted to have a major role in structuring plant 
communities are large mobile polyphagous vertebrates (Olff and Ritchie 1998). 
Numerous fencing studies have shown dramatic changes in vegetation when these 
animals are removed from plant communities, particularly grasslands: biomass often 
increases and diversity declines, composition is shifted towards palatable tall and fast 
growing species that shade out the low growing subdominants (Cargill and Jefferies 
1984, McNaughton 1985, Noy-meir et al. 1989, Belsky 1992, Pandey and Singh 
1992, Jefferies et al. 1994, LenziGrillini et al. 1996, Augustine and McNaughton 
1998, Collins et al. 1998, Hart 2001). Most grasslands are also attacked by a range 
of other plant enemies besides these large vertebrates, the above-ground vegetation is 
consumed by insect and mollusc herbivores as well as fungal pathogens. Despite the 
ubiquity of these species in temperate grassland ecosystems there is far less 
consensus about what impacts they have on the plant community and even about 
whether they have an impact at all. This is largely due to a lack of experimental 
removals of these organisms, particularly in mid-successional perennial grasslands. 
Insect herbivores are present in all temperate grasslands and almost all plants 
are fed on by insect herbivores. It has often been held, however that insects are top-
down limited and therefore consume little plant material and are affected far more by 
the plant community than vice-versa (Crawley 1989, Olff and Ritchie 1998, Carson 
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2000). In agricultural pasture, however, insecticide application has been shown to 
increase biomass suggesting that in these communities there are insect herbivores 
capable of reducing the productivity of the dominant grasses (Henderson and 
Clements 1974, Henderson and Clements 1977, Clements et al. 1990b). In a review 
of insect effects on biomass Coupe and Cahill (2003) found that almost a third of the 
sixty-six studies they looked at reported negative effects of insects on biomass but 
they only found three studies in native grassland (Gibson et al. 1987, Fraser and 
Grime 1997) and one unpublished. Most, fifty-four, of the studies were in 
agricultural pasture, hence the effects of insects in native grasslands remain relatively 
unknown. Specialist insects that are able to reduce plant community biomass may 
have a positive effect on diversity (Bach 1994, Carson and Root 2000). Above-
ground insecticides also reduced diversity in the early successional environments 
studied by Brown and Gauge (1992) and in microcosm or cage experiments insects 
have also had large impacts on biomass and diversity (Ritchie and Tilman 1992, 
Fraser and Grime 1999) but thee is little consensus on the effects of insect herbivores 
in grassland communities. 
The other main above-ground invertebrate herbivores attacking plant 
communities are the molluscs, which again are abundant in temperate grasslands 
(South 1992). In the field, mollusc exclusions with molluscicides or cages have 
indicated that they can have large impacts on seedling recruitment (Hanley et al. 
1995a, 1996b, a. Hill and Silvertown 1997, Frank 1998, Wilby and Brown 2001, 
Frank 2003), with one exception (Hill and Silvertown 1997) these studies were all 
carried out by looking at recruitment on cultivated soil. A few experiments have 
maintained mollusc exclusions long enough to demonstrate that their selective 
herbivory can influence species composition, certainly during the first three years ol 
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succession (Wilby and Brown 2001). There has also been some suggestion that 
molluscs might feed on grasses and therefore increase diversity in a microcosm 
(Buckland and Grime 2000) or in cages (Buschmann et al. 2005) Whether molluscs 
could have an impact in a perennial grassland, however, is a question that has not yet 
been addressed. 
In recent years there has also been a growing realisation that other plant 
enemies besides herbivores could structure plant communities. Plant pathogens are 
known to exert important effects on host populations (Jarosz and Davelos 1995, Roy 
et al. 2000, Burdon et al. 2006). Pathogen effects are also known to be important in 
affecting tree recruitment and maintaining diversity in forests (Janzen 1970, Coley 
and Barone 1996, Hubbell et al. 2001, Adler and Muller-Landau 2005, Bell et al. 
2006) and it has also been suggested that below-ground pathogens could affect 
competition and have a similar effect in grasslands (Van der Putten and Peters 1997, 
Olff et al. 2000, Klironomos 2002, Sever 2003, De Deyn et al. 2003, Ehrenfeld et al. 
2005). The role of foliar fungal pathogens in grassland is virtually unknown, 
however. The potential exists for them to affect plant community biomass and 
richness if they reduce the competitive ability or a dominant. A few studies have 
used fungicide applications in grassland to test this idea and have come to conflicting 
conclusions; Mitchell et al. (2003) suggested that pathogens could reduce biomass, 
only below ground biomass in their system, although they did not find an effect on 
diversity, whereas Peters and Shaw (1996) found fungicides had a positive effect on 
diversity in an early successional environment by promoting the growth of herbs. 
They also found that increasing disease levels in a dominant grass, by adding rust 
spores, increased diversity through a reduction in its competitive ability. It is 
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therefore impossible to draw any conclusions so far about the importance of fungal 
pathogens in structuring grassland communities. 
A temperate grassland would normally be attacked by all of the plant enemies 
mentioned so far so interactions between the herbivore community may be 
important. A review by Ritchie and Olff (1999) on the subject found only six studies 
that tested for this possibility and only two of those involved invertebrates (Ritchie 
and Tilman 1992, Ritchie et al. 1998). Other studies have looked for interactions by 
factorially excluding herbivores, but found few or no important interactions (Hulme 
1996b, Edwards and Crawley 1999a, Wilby and Brown 2001, del-Val and Crawley 
2005) although there are some examples of interactions having substantial effect on 
plant communities for example (Davidson et al. 1984, Davidson et al. 1985). The 
importance of interactions between invertebrates and fungal pathogens is, therefore, 
virtually unknown. 
An experiment was set up in acid grassland in Silwood Park, in southern 
England, to investigate some of these hypotheses. The aim was to investigate the 
effect of invertebrate herbivores and plant pathogens as well as the interactions 
between them on plant species diversity and botanical composition (i.e. on relative 
abundance of plant species). Herbivore exclusions were undertaken with pesticides, 
which do have drawbacks in terms of non-target effects (Coupe and Cahill 2003) 
(Chapter Three) Pesticides also remain the only feasible way to study the impact of 
these organisms on plant communities under field conditions. In this grasslands the 
main vertebrate herbivores were rabbits, which are known to play a keystone role in 
maintaining this grassland (Crawley 1990), so they were factorially excluded along 
with the other plant enemies as interactions with them could be important. 
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4.3 Methods 
Description of site 
Lower Church Field is a mesotrophic grassland on the acid sandy soils of the 
Bagshot series, in Silwood Park, Berkshire in South East England. The MG5 
grassland is dominated by Agrostis capillaris other abundant grasses are Holcus 
lanatus and Festuca rubra, the rush Luzula campestris is also common. The most 
abundant forbs are Lotus corniculatus, Stellaria graminea, Rumex acetosa and 
Senecio jacobaea. See Chapter Two for a description of Nash's Field, which has a 
very similar plant community, the major difference between the two is thatin Lower 
Church Field Holcus lanatus replaces Holcus mollis as a dominant grass, the latter 
species is relatively rare in Lower Church Field. 
The principal vertebrate grazer is the rabbit Oryctolagus cuniculus. The 
grassland had been grazed solely by rabbits since 1979 and contains a network of 
burrows close to the herbivore exclosures; prior to 1979 the field was grazed by 
horses. The mollusc community in nearby Nash's Field (with a similar plant 
community) is dominated by the slugs Arion subfuscus and Derocerus reticulatum. 
Arion ater and Arion fasciatus are also present. Cepaea species are the most common 
snail species (see Chapter Three). The mollusc community in Lower Church Fiedl is 
likely to be very similar. For description of the insect community in Silwood 
grasslands see Heard (1999). 
Experimental Design 
The experiment was a four factor factorial, laid out as a split plot design: six 
blocks (22m x 11m) were created, each block was split in half and one half randomly 
assigned to be fenced against rabbits. Within each fenced or unfenced half, the plot 
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was divided in two and one half sprayed with insecticides with a 2m guard strip 
separating the sprayed and unsprayed halves. Within the sprayed or unsprayed 
sections, four 2m x 2m plots were established, for the four combinations of mollusc x 
fungicide treatments. This gives six blocks (22m x 1 Im), twelve rabbit grazing plots 
(11m X 11m), 24 insect herbivory plots (4m x 8m) and 96 of the smallest plot size 
(2m X 2m) where molluscicides and fungicides were crossed. The six blocks were 
laid out on a gradient of rabbit herbivory: the distance from the centre of each grazed 
half block to the nearest rabbit burrow was measured to quantify this. 
Fences were erected in May 2005 and were constructed of wire-mesh (3 cm 
diameter mesh size) attached to a rigid top wire, supported by wooden posts every 
3.5m. The wire mesh was turned out at the base (not buried), leaving a 20cm lip of 
mesh on the ground surface, facing the rabbits. This system is highly effective in 
preventing rabbits from digging underneath the fence (Crawley 1990). This does not 
exclude other vertebrate herbivores, voles, wood mice and deer (both roe deer and 
muntjac) which are free to pass through or over the fences. 
To exclude insects, the same two insecticides as used in Nash's Field, were 
employed: a cocktail of knock-down (Ambush, permethrin synthetic pyrethroid at 
-1 
150 g a.i. ha"') and systemic (Dimethoate-40; applied at 350 g a.i. ha ) insecticides. 
Insecticides were applied using a pump-action knapsack sprayer, spraying was 
carried out approximately every three weeks, on still warm days, from May to 
September. Molluscs were excluded using molluscicides, pellets of metaldehyde 
('Mifaslug') at 3% w/w (0.01 kg m'^) were applied by hand to individual 4m^ plots 
at the same time as insecticides were sprayed. For effectiveness of these pesticides 
on mollusc and insect populations see Chapter Three. The fungicide used was 
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"Rimidim"(applied at 780g fenarimol ha ' ) a systemic, foHar fungicide for use in 
amenity turf, applied at the same times as insecticides and molluscicides to 
individual 4m^ plots with a knap-sack sprayer. 
Data collection 
During the first growing season (2005) a substantial increase in the number of 
flowering Cirsium arvense was noted on insecticide sprayed plots, so the numbers of 
flowering stalks were counted on each sprayed or unsprayed half. 
In 2006 and 2007 each 4m^ plot was surveyed and the percentage cover of all 
the vascular plants was estimated by eye in order to measure plant abundance. Total 
percentage cover in a plot could total more than 100%. The numbers of flowering 
Cirsium arvense were also recorded in each 4m x8m insect herbivory plot. The total 
biomass for each plot was measured in 2006 and 2007 a 25cm x 50cm portion of the 
plot was cut in late August and the dry mass of the sample was weighed. 
In order to asses the effectiveness of the fungicide the number of Rumex 
acetosa leaves infected with Ramularia rubella, which causes red spots on the leaves 
of R. acetosa was counted in 2006, as well as the number of leaves showing no signs 
of disease, in order to determine the proportion infected. 
Statistical analysis 
Percentage cover values were arc-sine transformed and then analysed using a 
nested ANOVA model (Crawley 2007b), with the model formula: 
Rabbits*Insecticide*Molluscicide*Fungicide+Error(Block/Rabbits/Insecticide)) 
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Biomass and Shannon diversity were analysed untransformed and species 
richness and number of flowering Cirsium were square-root transformed prior to 
analysis (see Table 4.1 for a sample analysis showing the nesting structure) 
Proportion of R. acetosa infected with Rumularia rubella which causes red spots on 
the leaves, were analysed using a linear mixed effects model with binomial errors. 
Fixed effects were: 
Rabbits*Insecticide*Molluscicide*Fungicide 
and random effects were; Block, Rabbits within Block and Insecticide within 
Rabbits. All analyses were carried out in R 2.5 (R Core Development Team 2007) 
4.4 Results 
Effects on biomass and species richness 
Rabbits, insects and fungal pathogens all affected the productivity of the 
grassland (see Figure 4.1). Total biomass was increased by fencing in 2006, as 
might be expected. Rabbit grazed plots also had a lower average biomass than fenced 
plots in 2007, although this difference was not significant as there were no rabbit 
effects in two of the plots. There was, however, a significant effect of distance to 
rabbit burrow on biomass in grazed plots in 2007 (p=0.04) and on offtake (p=0.02): 
[biomass in fenced] - [biomass in grazed] / [biomass in fenced] 
In both cases, rabbits had less effect on more distant plots, with plots more than 40m 
from rabbit burrows unaffected by them, this effect results in an interaction between 
fencing and distance to burrow in a linear mixed effects model (p<0.01). There was 
no effect of distance from rabbit burrow on biomass in grazed plots (p=0.36) or on 
offtake (p=0.23) in 2006. 
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Spraying with insecticides and fungicides increased biomass in both 2006 and 
2007 (Figure 4.1) but excluding mollusc herbivores had no significant effect in either 
year. On average, removing rabbits increased biomass by 1.27 tonnes ha"' (23% of 
biomass) in 2006. Removing insects increased biomass by 1.5 tonnes ha"' (27%) in 
2006 and 1.3 tonnes ha ' (18%) in 2007, and removing fungal pathogens increased it 
by 0.72 (14%) tonnes ha"' in 2006 and 1.35 (18%) tonnes ha"' in 2007. All three 
together removed 51% of the aboveground biomass in the grassland in 2006 and 
45% in 2007. In 2006 two interactions between the herbivores affected biomass; the 
effect of fungal pathogens on biomass was greatest in grazed plots and in insecticide 
sprayed plots; these interactions were not significant in 2007. 
Species richness was also affected by these three groups of plant enemies, 
(see Figure 4.2). All three acted to increase species richness, which declined when 
these organisms were excluded from the community. Spraying with fungicide 
resulted in the loss of 0.6 species per 4m^ in 2006 and 1.2 per 4m^ plot in 2007, 
insecticides removed 1.2 species in 2006 and 1.5 in 2007 and fencing accounted for 
the loss of nearly two species on average in 2006 and 1.5 in 2007. Although 
molluscs had no main effect on richness the richest plots were those with molluscs 
excluded, but with at least two of the other groups present (Figure 4.2). Richer plots 
also tended to be those with more of the other three herbivore groups present. In 
2006 richness varied between 13 species per 4m^ with rabbits, insects and fungi but 
no molluscs and 8.5 species 4m"^  plot with only molluscs present. In 2007 there 
were 5 more species 4m"^  plots with only rabbits and than with no herbivores. 
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FIG 4.1: the effect of exclusion of different combinations of insects, rabbits and fungi on 
total plant biomass in (a) 2006 and (b) 2007. Biomass was calculated from 25cm x 50cm 
samples. The results are averaged across mollusc exclusion as they had no impact on 
biomass. Treatments are ranked left to right in order of increasing biomass in 2006. Error 
bars are +/- one standard error of the mean and calculated from untransformed data. 
Insecticides significantly increased biomass in both years (2006 ^ >0.001; 2007 p<0.01) as 
did fungicide application (2006 ^ >0.001; 2007 j?<0.0001). There was a main effect of rabbit 
fencing in 2006 (p>0.001). In 2006 Interactions between fungicides and rabbit fencing 
(rabbits x fungus interaction p=0.03) and between fungicides and insecticides (insect x 
fungus interaction p=0.01) were found. 
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FIG. 4.2: effect of exclusion of different combinations of insects, molluscs, fungi and rabbits 
on plant species richness in (a) 2006 and (b) 2007. Species richness was total species 
number in 2m x 2m plots. Error bars are +/- one standard error of the mean and are 
calculated from untransformed values. In 2006 (p=0.05) and 2007 (p<0.00]) fungicide 
application significantly reduced species richness. Insecticides (2006p=0.03; 2007 p<0.001) 
and fencing also reduced richness (2006; j9=0.03; 2007 p=0.03). Molluscs had no main 
effect on richness but richest plots tended to be those with molluscs excluded. 
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Table 4.1: sample analysis of total biomass in2007, showing the nesting structure of the 
experiment. Data was modelled using a nested analysis of variance with untransformed data. 
See methods for an explanation of the factors. 
Error: Block 
Df Sum Sq Mean Sq F value Pr(>F) 
Residuals 5 10658.2 2131.6 
Error: Block:Rabbits 
Df Sum Sq Mean Sq F value Pr(>F) 
Rabbits 1 5490.7 5490.7 2.8463 0.1524 
Residuals 5 9645.4 1929.1 
Error: Block:Rabbits:Insect 
Df Sum Sq Mean Sq F value Pr(>F) 
Insect 
Rabbits:Insect 
Residuals 
1 6416.7 
1 1 . 1 
10 5747.5 
6416.7 
1 . 1 
574 .7 
11.164 0.007474 ** 
0.002 0.965292 
Error: Within 
Df Sum Sq Mean Sq F value Pr(>F) 
Mollusc 1 244 .9 244 .9 0 . 8866 0.35019 
Fungus 1 6878 .3 6878 .3 24 .9037 5.478e-06 *** 
Rabbits:Mollusc 1 546 .2 546 .2 1 .9774 0.16482 
Insect:Mollusc 1 98 .5 98 .5 0 .3565 0.55272 
Rabbits:Fungus 1 783 . 1 783 . 1 2 .8352 0.09742 . 
Insect:Fungus 1 140 .1 140 . 1 0 .5073 0.47906 
Mollusc:Fungus 1 285 . 1 285 . 1 1 .0323 0.31371 
Rabbits:Insect:Mollusc 1 65 .7 65 .7 0 .2380 0.62743 
Rabbits:Insect:Fungus 1 67 .8 67 .8 0 .2455 0.62208 
Rabbits:Mollusc:Fungus 1 0 .7 0 .7 0 . 0027 0.95893 
Insect:Mollusc:Fungus 1 8 .5 8 .5 0 . 0306 0.86165 
Rabbits:Insect:Mollusc:Fungus 1 110 .5 110 .5 0 .4001 0.52943 
Residuals 60 16571 .8 276 .2 
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Main effects of plant antagonists 
As described above, insects acted to increase species richness overall. 
Insecticides increased the percentage cover of the dominant grass Holcus lanatus, 
(Table 4.2) and spraying with insecticide allowed this species to double its 
percentage cover, on average. Stellaria graminea was also increased by insect 
exclusion in 2007 (see Table 4.2). Several species declined in abundance on plots 
receiving insecticide; rosette-forming Asteraceae {Crepis capillaris, Leontodon 
autumnalis and Hypochaeris radicata), seem particularly sensitive, decreasing as a 
group as a result of insect exclusion (2006 p=0.01 2007 p=0.01). The two grasses 
Anthoxanthum odoratum and the rush Luzula campestris, had also declined with 
insect exclusion in 2007 (see Table 4.2). 
Insects negatively affected flowering of Cirsium arvense: in the first year of 
insect exclusion (2005) the number of flowering individuals of Cirsium arvense was 
increased where insecticides had been sprayed (p=0.03). This pattern was also 
evident in the second year (p=0.049) and in the third year (p—0.02), although it has 
not yet resulted in greater cover of C. arvense in sprayed plots. 
The molluscs had no impact on overall species richness but they decreased 
percentage cover of several species overall (see Table 4.2). In 2006 two forbs 
Trifolium repens and Stellaria graminea, as well as the rush Luzula campestris and 
the grass Holcus lanatus were reduced and in 2007 significant mollusc main effects 
were found for Stellaria graminea again as well as Trifolium dubium and Poa 
pratensis. 
Fungal pathogens act to increase the species richness of the grassland much 
like the insects, but they have their main negative effect on a different grass species, 
jFesfwco r%6ra. TThe ccr/er \vliich grrass is in(:rease(i \vhen Ilmgicicles aure sprzr/ed 
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(Table 4.2; Figure 4.5). In 2007, Agrostis capillaris was also more abundant on plots 
with fungicide, it is increased from an average of 46% cover on control plots to 51% 
on sprayed plots (Table 4.2). Spraying with fungicides negatively affected legumes 
as a group (2006 ^=0.01; 2007 ^ <0.0001), particularly Lotus corniculatus and Vicia 
sativa ssp. nigra in both years {V. sativa ssp. nigra only on fenced plots in 2006) and 
Trifolium repens in 2007 (Table 4.2). In 2007 Ranunculus repens was reduced by 
fungicide application and Rumex acetosella was also reduced by fungicides both 
years (Table 4.2). 
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Table 4.2: Increasers and decreasers with three plant enemies in 2006 and 2007. The effect 
size is given in each case, i.e. (larger mean) / (smaller mean) "+" indicates an increase in the 
presence of the plant anagonist , i.e. a decrease in % cover when it is excluded, indicates 
the opposite. The signif icance level is shown * = significant at 5% ** = significant at 1% 
and *** = s ignif icant at 0.1%, all analyses are main effects f rom nested analysis of variance. 
An (F) in brackets indicates the effect was only seen in fenced plots and a (G) in brackets 
indicates it was only apparent on plots grazed by rabbits. 
Species Year Insects Fungi Molluscs 
Agrostis capillaris 2006 2007 - l . lx*** 
Anthoxanthum odoratum 2006 2007 +4x* 
Cerastium fontanum 2006 2007 
-30x* (F) 
Crepis capillaris 2006 2007 
+4.6x* 
Festiica rubra 2006 2W07 
+23x*(G) -I.3x* 
-1.5x** 
Holcus lanatus 2006 2007 
-2.1x** 
-2.2x*** 
+L2x*(F) 
+1.1X* (F) 
-1.2x* 
-1.3x** (F) 
Lotus corniculatus 2006 2007 
+ 1.5x** 
+2.6x*** 
Liizula campestris 2006 2007 +2.3x*** 
-1.6x* 
Poa pratensis 2006 2007 -1.8x* 
Ranunculus repens 2006 2007 +2.7X*** 
Rumex acetosella 
2006 
2007 
+2x* (G) 
+3.8x*** 
St ell aria gram in ea 2006 2007 -2x* 
-1.8x*** 
-2.1x*** 
Trifolium dubium 2006 2007 -7.5x* 
Trifolium repens 2006 2007 + 1.6x* 
-l.Sx* 
Vicia sativa 
2006 
2007 
+2.7X* (F) 
+5x*** 
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Interactions between antagonists 
Both invertebrate herbivores interacted with rabbit grazing. The total 
percentage cover of forbs was decreased by insecticide application in fenced plots 
but was not affected by spraying in grazed plots, (Figure 4.3). Insecticides increased 
flowering of C. arvense more on fenced plots, as rabbits substantially reduced the 
flowering of C. arvense. Molluscs decreased the total percentage cover of forbs but 
as with the insects, they only had an impact in the fenced plots (Figure 4.4). 
Molluscs also had a greater impact on Holcus lanatus in fenced plots (rabbit x 
mollusc interaction 2006 j»=0.01; 2007pO.OOl) and on Cerastium fontanum, which 
increased substantially on fenced plots when molluscs were excluded, but was 
virtually absent from fenced plots when molluscs are present (2006 rabbit x mollusc 
interaction j9=0.03). The insect x rabbit interaction affecting Trifolium repens (2006 
p=0.04) was more complex: on the fenced plots insect grazing seemed to increase its 
cover but in grazed areas this pattern was reversed and it reached the highest cover 
on plots with rabbits but no insects. 
Fungal pathogen effects were greater in fenced areas for some species, the 
fungicide effect on F. rubra was particularly evident on fenced plots in 2006 (rabbit 
x fungicide interaction ^7=0.04) but there was no interaction in 2007. H. lanatus was 
afkckd by in kneed plok: in bo± yearn fungwicks educed the 
percentage cover of this grass but only where rabbits were excluded (Table 4.2). 
In 2006 the insects and molluscs interacted with each other to affect the 
rosette-forming Asteraceae: the two groups had opposing efFects with the insects 
increasing the cover of rosette-forming Asteraceae and the molluscs decreasing it, 
resulting in the greatest increase of these plants where molluscs were excluded but 
insects were still present (Figure 4.4). There was also a suggestion that insects 
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altered the direction of mollusc effects: excluding molluscs when insects were 
already absent further reduced the cover of this group compared to plots with 
molluscs but no insects. This effect was not found in 2007, when very few rosette 
forming Asteraceae were discovered across the experiment, only 12 plots contained 
any of these species compared to 22 in 2006. 
Insects and fungal pathogens also interacted with each other to affect F. 
rubra. Insect exclusion halved F. rubra cover when fungal pathogens were present, 
but spraying with fungicides in addition to insecticides allowed the grass to recover 
to nearly the same percentage cover as in untreated control plots (Figure 4.5). 
Insects and fungi also interacted to affect some of the forbs in 2006, although 
these interactions were not present in 2007. L. corniciilatus was decreased by 
fungicide but this effect was less severe in plots sprayed with insecticides 
(insecticide x fungicide interaction 2006 p=0.Q2). There was a similar effect on S. 
jacobaea in grazed areas. Here fungicide reduced cover in control plots but 
increased it in insecticide sprayed plots (fungicide x insecticide interaction 2006 
j9=0.04). Luzula also followed a similar pattern, again only on grazed plots 
(fungicide x insecticide interaction 2006 p=0.01), spraying with insecticide more 
than halved its cover when fungi were present but had little impact on plots receiving 
fungicide. Ranunculus repens followed the opposite pattern (fungicide x insecticide 
interaction 2006 p=0.04), fungicides increased its cover on plots with insect 
herbivores but decreased it on plots with insects excluded. 
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FIG 4.3: Effect of insecticides and molluscicides on total percentage cover of herb species 
(legumes and non-leguminous) in 2006 on (a) fenced and (b) grazed plots. Error bars are +/-
one standard error of the mean and are calculated from untransformed values. Insecticides 
decreased total herb cover on fenced plots (2006 p=0.02) but not on grazed plots (p=0.52), 
molluscicides increased total herb cover on fenced plots (p=0.03) but had no effect on grazed 
plots (p=0.69). This pattern was not significant in 2007. 
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Asteraceae (Crepis capillar is, Hypochaeris radicata and Leotodon autumnalis) in 2006. 
Error bars are +/- one standard error of the mean and are calculated f rom untransformed 
values. The interaction is significant (insecticide x molluscicide /?=0.04). The same pattern 
in seen in 2007 but the interaction is not significant (p=0.56), although there was a main 
effect of insects (p=0.01). 
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FIG. 4.5: effect of insecticides and fungicides on percentage cover of Festuca rubra in (a) 
2006 and (b) 2007. Error bars are +/- one standard error of the mean and are calculated from 
untransformed values. The interaction is significant in both years (2006 p=0.01; 2007 
p=0.02) . 
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Rumex infection 
The levels of fungal infection on Rumex acetosa were reduced by application 
of fungicide from 18% of leaves infected to 13% (p>0.01). Spraying with 
insecticides also reduced levels of infection from an average of 20% infected leaves 
in unsprayed to 11% in sprayed plots (p>0.01). The percentage cover of R. acetosa 
had not yet been affected by any of the treatments but there may be a long-term 
response to fungicides and insecticides. 
4.5 Discussion 
These results demonstrate effects after three years of all four groups of plant 
enemies that were excluded. Insects, molluscs, rabbits and fungi had effects on the 
diversity, productivity and species composition of the grassland and many of these 
effects were apparent after two years. The time scale of three growing seasons is 
likely to have been too short to allow much recruitment, as recruitment from seed 
will be slow and probably episodic in a perennial grassland (Turnbull et al. 1999). 
This means that the herbivore impacts are likely to have been on the growth of plants 
established at the beginning of the experiment, with plants released from herbivory 
being able to grow larger. Several of the pesticide effects were more pronounced on 
fenced plots, particularly in the second year, where it is likely that plants released 
from insect or mollusc herbivory or fungal infection would grow more rapidly, as 
they were not also being grazed by rabbits. Over a longer time scale when 
differential recruitment might become important, this could change as rabbit activity 
is likely to provide microsites for germination through scrapes and digging. This 
would have a positive effect on recruitment in what is likely to be a microsite limited 
system (Crawley 1990, Edwards and Crawley 1999a) (Chapter Five). 
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Insects 
Insect herbivores are capable of reducing total biomass and increasing species 
richness in this grassland. Vertebrate herbivores such as rabbits are known to be 
responsible for substantial biomass removal in many grasslands (Rawes 1981, 
McNaughton 1985, Belsky 1992, Pandey and Singh 1992) and this system is no 
exception. Although there was no significant effect of rabbits on biomass in 2007, 
there was an effect of distance to rabbit burrow on both biomass in grazed plots and 
off-take, showing that rabbits affected the plots nearest their burrows but not plots 
more than 40m from the nearest burrow. The lack of an effect of distance to burrow 
in 2006 may be due to lower biomass in this year (control plots had average biomass 
of 3.02 tonnes ha"' in 2006 and 4.94 tonnes ha"' in 2007) meaning rabbits grazed 
further from their burrows than they did in 2007. 
Invertebrate herbivores have also been shown to be capable of biomass 
removal in some systems (Blumer and Diemer 1996, Coupe and Cahill 2003) 
particularly agricultural settings (Clements et al. 1982, Busey 2003) but have often 
thought to be less important than vertebrates particularly in native perennial 
communities (Crawley 1989, Olff and Ritchie 1998) whereas this experiment 
suggests that insects were capable of removing the same or perhaps slightly more 
biomass than rabbits in 2006: 27% for insects and 21% for rabbits. This was also 
double the average figure of 13% of biomass removed by insects reported by Coupe 
and Cahill (2003) in their meta-analysis, which suggests that insects had a 
particularly strong effect on biomass in this grassland. Insect herbivores in this plant 
community also act to increase plant species richness, whereas it has often been 
thought that insect herbivores would have weak or negative effects on diversity, 
feeding mainly on forbs and speeding up succession (Crawley 1989, Olff and Ritchie 
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1998, Fraser and Grime 1999). Although some studies have shown insects 
feeding on dominants and reducing their competitive ability (Mcbrien et al. 1983, 
Gibson et al. 1987, Brown and Gauge 1992, Bach 1994, Carson and Root 2000, 
Pagan and Bishop 2000, Schmitz 2003) only one of these was in a perennial 
grassland (Gibson et al. 1987). The response of one grass species is likely to be 
responsible for this insect effect on biomass and species richness: when released 
from insect herbivory Holcus lanatus nearly doubled in percentage cover. As a 
consequence of the increase in competitive ability of this grass, the abundance of 
herbs and particularly of rosette-forming Asteraceae declined. By the third year, the 
increase in H. lanatus had also reduced the abundance of two graminoid species, A. 
odoratum and L. campestris. As H. lanatus is the only dominant species to increase 
when insects are removed it is likely that a specialist insect feeding on this grass is 
responsible. Elsewhere I discussed (see Chapter Three) how the specialist aphid 
Diuraphis hold may be able to reduce the dominance of the related grass species 
Holcus mollis and it is possible that the same aphid is responsible for the effect here, 
as this aphid is also known to feed on H. lanatus, although H. mollis is the preferred 
food source (VanVeen pers. com). Alternatively other insects such as the leaf-
hopper Leptopterna dolobrata, which is known to feed on H. lanatus in these 
grasslands (McNeill 1971), may be important in reducing the growth rate of this 
grass. 
Insect exclusion increased the flowering of Cirsium arvense: in the first year 
of exclusion this effect was dramatic with more than six times as many C. arvense 
flowering stems on sprayed compared to unsprayed plots. In the second and third 
years, the difference in number of flowering spikes was still significant but the effect 
was smaller, with only twice as many flowering stems on sprayed plots. This 
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contrasts with results found by Edwards et al. (2000), who did not find any effect of 
insecticide on C. arvense in experiments carried out in a similar grassland in 
Silwood. This is possibly because the flowering of C arvense is also reduced by 
competition from H. lanatus (or H. mollis in Nash's Field), so that the benefit it gains 
from the removal of its herbivores is outweighed by the indirect negative effect of 
the removal of a specialist herbivore on one of its major competitors. C. arvense is 
known to undergo competitive release when grasses are removed (Edwards et al. 
2000). The specialist herbivores of C arvense and H. lanatus may have 
compensatory effect on Cirsium so that blanket exclusion of insect herbivores may 
underestimate their effects (Pacala and Crawley 1992, Coupe and Cahill 2003). 
There is also a suggestion that insects reduced the percentage cover of Stellaria 
graminea, as this species was more abundant on insecticide plots in 2007, although 
care should be taken in interpreting this as a herbivore effect, as Hector et al. (2004) 
found that dimethoate insecticide stimulated growth of S. graminea. Whilst insects 
feeding on H. lanatus clearly had the largest effects on the plant community, some 
other insect herbivores may be capable of reducing the populations of their food 
plants. 
Fungal pathogens 
Fungicide application increased above-ground biomass and reduced species 
richness suggesting that the presence of fungal pathogens was capable of reducing 
the competitive ability of a dominant species. The increase on plots receiving 
fungicide was not as great as the effect of rabbits or insects in 2006 (although it was 
equal to that of insects in 2007), but fungal pathogens were capable of reducing 
above-ground biomass by 11% in the second year and 18% in the third year. This 
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could be a conservative estimate of total fungus impact as Mitchell (2003) found 
greater impact of pathogenic fungi on below-ground biomass, and suggested that just 
over 50% of the biomass of a grassland is below-ground. Fungicides increased the 
percentage cover of F. rubra in both years suggesting perhaps that a fungal pathogen 
of this grass reduces its growth. Agrostis capillaris also increased on fungicide plots, 
although this effect was found only in the third year and was still small (only an extra 
5% cover). It may suggest that capillaris responds more slowly. As a result of the 
increase in F. rubra and A. capillaris following fungicide application, the percentage 
cover of legumes declined on fungus exclusion plots. Two non-leguminous forbs 
{Ranunculus repens and R. acetosella) also responded negatively to the removal of 
fungal pathogens, presumably due to increased competition from the grasses. This 
contrasts with results found by Peters and Shaw (1996) who noted a beneficial effect 
of fungicides on diversity due to an increase in annual herbs (in the first year) and 
perennial herbs (in the second year). In contrast to this study, their fungicide 
exclusions were carried out in vegetation recovering from glyphosate addition (i.e. 
not in perennial grassland) and F. rubra was not present in their grassland. They did, 
however, find that increasing fungal infection rates on //. lanatus reduced its 
competitive ability and increased diversity suggesting the potential for high rates of 
fungal infection on the dominant to have similar effects to those noted here. 
Fungicide effects here were stronger in the third year of the experiment than the 
second so longer term exclusion of fungal pathogens might reveal even larger effects 
on the plant community. 
Removal of both fungi and insects seemed to have similar impacts: increasing 
productivity and consequently decreasing richness, by reducing the dominance of a 
grass species each is able to benefit subordinate herb species. The identity of the 
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grasses reduced in each case was different and this in turn benefited different groups 
of herbs, which suggests that it was not only competition for light that affected the 
herbs, otherwise the removal of a tall grass should have similar effects on the lower 
growing species regardless of the identity of the grass. Instead, it suggests that 
competition for different resources might be important. H. lanatus is a good 
competitor for light (Vojtech et al. 2007) and might be expected to have a 
particularly strong negative effect on low growing species such as C. capillaris and 
Taraxacum agg.. The grasses F. rubra and A. capillaris were good competitors for 
nutrients: F. rubra decreased when either nitrogen or phosphorus was added 
suggesting it is a good competitor for both and A. capillaris was a particularly good 
competitor for phosphorus, it decreased with phosphorus addition and increase with 
nitrogen addition (see Chapter Two). Both legume species and R. repens increased 
with phosphorus addition, suggesting they were poorer competitors for this nutrient. 
Herbivory on a dominant has been shown to increase nitrogen availability for other 
species (Brown 1994). Perhaps fungal pathogens reduce growth of F. rubra and A. 
capillaris and therefore increase phosphorus availability for other species. 
As with blanket-exclusion of insect herbivores, removal of all fungi may 
underestimate their impacts particularly if endophytes as well as pathogens are 
removed. Endophytes have been shown to be beneficial to Festuca arundinacea, 
particularly in the presence of herbivores because they produce secondary chemicals 
that make their host unpalatable to herbivores (Clay et al. 1993, Clay and Holah 
1999). There was no suggestion of this effect here, but if endophytes were reduced 
by the fungicide application that could make the estimation of pathogen effects on F. 
rubra conservative. Possible endophyte effects were observed for three species: .S'. 
jacobaea, L. corniculatus and L. campestris in grazed plots. For these species 
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fungicides reduced percentage cover on plots receiving insecticide but not on control 
plots, where there was either no effect or a slightly negative impact of fungicide. 
This is the pattern that would be expected from an endophyte that produces toxins 
making its host unpalatable to herbivores but which carries a slight fitness cost. 
Endophytes have been shown to play this role in grasses (Clay 1996) but although 
endophytes are known from herb species, it is not known if they play a role in 
herbivore defence, or indeed if fungicide application reduces their presence. These 
results though suggest that this could be a possibility. 
Molluscs 
The other invertebrate herbivores, the molluscs, also had impacts on species 
composition but had the opposite effect to the insects and fungal pathogens. Mollusc 
exclusion led to an increase in total cover of herbs in the fenced areas (but only in 
2006) as well as to an increase in S. graminea in 2006 and 2007 and an increase in T. 
repens in the 2006 and T. dubium in the 2007. Molluscs have been shown in several 
studies to affect the abundance of herb species by preferentially feeding on these 
species and increasing their mortality (Hanley et al. 1995a, 1996b, Hill and 
Silvertown 1997, Wilby and Brown 2001, Frank 2003, del-Val and Crawley 2005). 
All of these studies (except Hill and Silvertown (1997) which looked at mollusc 
effects on recruitment from seed sown in undisturbed grassland) were undertaken in 
early successional environments; the habitat was generally disturbed just before the 
experiment began, because this is where forb feeders and seedling predators might be 
expected to have their greatest impact (Buschmann et al. 2005). The present results 
show that molluscs can also be important in later successional environments. They 
also show that despite being generally considered to be seedling predators (Hulme 
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1994, Hanley et al. 1995a, Fenner et al. 1999) they can have impacts on the growth 
of adult plants too, although these effects are relatively small and only consistent for 
5! gra/Mmga. 
It is unlikely that there was enough time for increased seedling recruitment to 
explain the increase in herb cover in the absence of molluscs. Molluscs have been 
shown to be capable of reducing growth of adult T. repens by feeding on stolons 
(Barker and Addison 1992) and this is one of the main species affected here, see also 
Ehrlen (2003) for mollusc effects on plant growth. Another species that increased 
when molluscicides were put down was S. graminea which is also a creeping species 
and therefore may be capable of rapid growth when released from mollusc herbivory. 
These species are known to be preferred by molluscs, several studies report mollusc 
effects on Trifolium repens (Cottam 1985, 1986, Clements et al. 1990a, Standell and 
Clements 1994, Peters et al. 2000) and Stellaria graminea (Hanley et al. 1995a, 
1996b). The effect of molluscs was generally greater in the fenced areas and it was 
only here that they had an effect on the total cover of herbs in 2006. This could be 
because herbs were better able to grow and respond to the removal of the molluscs 
when they were not grazed by rabbits. It is also possible that mollusc numbers were 
higher on rabbit fenced plots; Hitchmough (2003) found greater impacts of molluscs 
on recruitment of Trollius europaeus in unmown areas and there is some evidence 
that mollusc numbers may be higher in taller vegetation (Beyer and Saari 1977, 
South 1992). However, when molluscs were trapped in fenced and unfenced plots in 
a nearby grassland within Silwood Park their numbers were significantly higher on 
grazed plots (see Chapter Three) so differences in mollusc numbers were not likely 
to be the explanation for the mollusc x rabbit interactions. The mollusc effect in this 
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experiment was still small compared to that seen in long-term exclusions where 
differential recruitment and survival were important (see Chapter Three). 
Mollusc effects on graminoids were also noted, with effects on H. lanatus 
both years, although only inside rabbit fences in 2007. There were also mollusc 
effects on Luzula campestris in the second year and Poa pratensis in the third. 
Although molluscs are generally thought to feed mainly on forbs, some studies have 
reported negative effects on grasses (Dirzo 1980, Buckland and Grime 2000, 
Buschmann et al. 2005, del-Val and Crawley 2005). One feeding trial suggested that 
although the slug Agriolimax caraunae found grass leaves generally unpaltable H. 
lanatus was an exception and this grass was eaten by the slug (Dirzo 1980). Both 
Buschmann (2005) and Buckland and Grime (2000) found effects of molluscs on 
grasses in cage or microcosm experiments. The present results suggest that this 
could be possible under some field situations but the overall effect of mollusc 
feeding is primarily to reduce forb abundance. 
Mollusc effects were smaller than the impacts of insects and fungal 
pathogens, they had no main effect on species richness and fewer plant species were 
affected by mollusc herbivory in this experiment. The mollusc impacts were also 
more variable, only S. graminea showed a consistent response to mollusc exclusion 
in both years. This may be due to the fact that molluscs principally affect the 
recruitment on herb species and that this is a slow and episodic process in perennial 
grassland. I discuss mollusc effects on recruitment in Chapter Five and the length of 
time taken for mollusc effects to appear in Chapter Three. 
167 
Insects, molluscs and fungal pathogens Chapter 4 
Interactions 
This study suggests that interactions between different groups of herbivores 
can have important consequences for the plant community. Interactions between 
rabbits and both insects and molluscs have already been mentioned. One of the 
most dramatic interactions was between insects and molluscs in their effect on the 
rosette-forming Asteraceae. Insect herbivores increase the abundance of this group, 
presumably by reducing the competitive ability of H. lanatus; but molluscs reduce 
the abundance of these Asteraceae, presumably by selectively feeding on them. This 
is an example of a compensatory interaction, where the effects of the two groups of 
herbivores balance each other because they feed on different groups of competing 
plants (Ritchie and Olff 1999). This interaction effect was not found in 2007, but 
this is probably due to fewer rosette forming Asteraceae being recorded in this year. 
There was also an important interaction between insects and fungal pathogens 
for F. rubra. Fungicide application had a greater effect on plots receiving 
insecticide, where F. rubra suffered increased competition from H. lanatus and 
therefore the removal of its fungal pathogens is presumably more beneficial than on 
control plots. When insect herbivores were removed the percentage cover of F. 
rubra was halved (on plots without fungicide) but removal of fungal pathogens 
increased its competitive ability and F. rubra recovered to the same levels as on 
control plots. Further evidence that fungi could mediate competition between H. 
lanatus and F. rubra came from the observation that H. lanatiis had reduced cover on 
fungicide plots, presumably due to increased competition from F. rubra. This also 
demonstrates the importance of factorial exclusions: fungal pathogens would have 
seemed less important had they not been factorially removed along with insects. 
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Potential non-target effects 
For potential non-target effects of the insecticide and molluscicide, see 
Chapter Three. Fungicides could have several non-target effects including reduction 
in mycorrhizal colonisation, reduction in nitrogen fixation by legumes, nutrient 
addition and phytotoxic effects, these are dealt with below. 
The fungicide fenarimol has been shown to have no effect on arbuscular 
mycorrhizal (AM) colonisation in Poa pratensis growing on golf greens (Bary et al. 
2005). Bary et al. (2005) looked at mycorrhizal colonisation on golf greens treated 
for six months with fenarimol and found no reduction in AM colonisation in the 
treated plots compared with untreated plots. They also found little evidence for a 
reduction in AM colonisation with increasing fenarimol concentration in golf greens 
treated with this fungicide for eight years. 
Fisher and Hayes (1981) looked at the effects of several fungicides including 
fenarimol growth of Rhizobium trifolii and nitrogen fixation in Trifolium repens. 
Fenarimol did not reduce nodulation, growth of T. repens in the glasshouse or 
nitrogen fixation by T. repens, although it did reduce the growth of Rhizobium trifolii 
in vitro. They concluded that fenarimol was very unlikely to affect nitrogen fixation 
by T. repens in the field if applied at recommended rates. 
Fenarimol contains nitrogen and therefore could potentially result in fertilization. 
Fenarimol contains 8.4% nitrogen, by molecular weight. It is applied at the rate of 
780g active ingredient ha ' meaning spraying with Fenarimol will add 0.000066 kg 
nitrogen ha"', which is unlikely to have a significant fertilisation effect (compare to 
fertilization rates in Chapter Two). 
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4.6 Conclusions 
These results suggest an important role for invertebrate herbivores in mature 
mesic grassland. Specialist insect herbivores had large impacts on the growth of H. 
lanatus and by reducing the competitiveness of this dominant grass they were able to 
promote diversity in the grassland. This suggests a keystone role for specialist grass-
feeding insects similar to that exhibited by large mammalian herbivores but more 
work is needed to determine if this is a common phenomenon. At present we do not 
know if a large number of plant communities have specialist insect herbivores that 
promote coexistence. The other invertebrate herbivores, the molluscs, had a smaller 
impact after three years than did the insects and this might be expected given that 
they are predominately seedling predators. This study, however, suggests that 
molluscs can affect mature plants and indicates that they are not only important in 
early successional environments where almost all the work on mollusc herbivores so 
far has been conducted (Buschmann et al. 2005). The interaction between insects 
and molluscs was particularly important for one group of forbs (the rosette-forming 
Asteraceae) and this shows the importance of using factorial manipulations of 
herbivores when compensatory interactions occur. This study also raised the 
prospect that fungal pathogens play an important role in mesic grassland 
communities: this possibility has rarely been investigated, and more exclusions of 
these organisms should be carried out to further understand their importance. These 
results indicate a potentially important role tor a range of plant enemies, particularly 
specialists, that are not usually considered to have substantial impacts on biodiversity 
in perennial grassland communities, through alterations in the relative importance oi 
different potentially limiting resources for the plants, as well as direct negative 
effects on the fitness of consumed plant species. 
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CHAPTER FIVE 
INTERACTIONS BETWEEN SEEDLING HERBIVORES AND 
PLANT COMPETITION: EFFECTS ON RECRUITMENT AND 
INVASION OF A GRASSLAND 
5.1 Abstract 
Seedling herbivory and plant competition are two of the most important 
factors affecting recruitment in plant communities. The two experiments described 
here factorially manipulated seed-limitation, microsite-limitation and seedling 
herbivores. The Oakmead experiment used slug enclosures and involved three slug 
densities, seed sowing and cultivation. The Church Field experiment used selective 
herbicides to manipulate grass and herb abundance and cross-factored this with seed 
sowing, mollusc and rabbit exclusion. Both experiments demonstrated that seed-
limitation was not important for the resident herb species tested, unless microsite 
limitation was reduced, and that few herbs were able to invade the undisturbed 
grassland. They also revealed important effects of molluscs and rabbits on 
recruitment, the impacts of both were also altered with disturbance. Molluscs 
generally had negative effects on herb recruitment except, surprisingly, at high 
densities. Both groups also increased the resistance of the grassland to invasion. 
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5.2 Introduction 
Understanding the processes governing plant community structure and plant 
species composition has long been a central goal in plant ecology. There has been 
much debate surrounding the importance of processes such as seed and dispersal 
limitation versus microsite limitation and competition (Burke and Grime 1996, 
Tilman 1997, Maron and Gardner 2000, Turnbull et al. 2000, Foster and Tilman 
2003, Foster and Dickson 2004, Foster et al. 2004, Moore and Elmendorf 2006, 
Zeiter et al. 2006, Clark et al. 2007). Local processes such as competition and 
herbivory have often been emphasised in determining plant species richness but 
some have argued that regional processes such as dispersal limitation could limit 
plant species richness (Tilman 1997, Zobel 1997, Foster and Dickson 2004, Foster et 
al. 2004). The relative importance of these different processes has implications for 
the mechanisms maintaining species diversity in plant communities. 
Dispersal limitation implies that some species are absent from communities 
because their seeds have not arrived there and that, if their seeds were added to a 
community they would be able to invade. Studies in a range of grasslands have 
shown that adding seeds of species not present in the community can lead to invasion 
and the establishment of these species (Burke and Grime 1996, Tilnian 1997, Foster 
et al. 2004). This can lead to increased species richness suggesting that diversity is 
limited by the size of the propagule pool and that regional processes of dispersal are 
important in shaping plant communities. Metapopulation theory also assumes that 
plant species are absent from suitable habitat, which they could invade (Husband and 
Barrett 1996, Freckleton and Watkinson 2002). 
Within a community the importance of seed limitation of the resident species 
has also been much discussed (Turnbull et al. 2000, Clark et al. 2007). If plant 
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species are seed-limited then increasing seed numbers should increase population 
size and this has been demonstrated for many plant populations. Studies that 
continue long enough to demonstrate an increase in numbers of reproductive 
individuals are rare, however, an increase in seedling numbers does not necessarily 
indicate seed limitation. Coexistence theory such as colonisation competition trade-
off theory relies on limited seed recruitment. If recruitment is not seed-limited this 
cannot be a mechanism of coexistence because inferior competitors will never be 
able to escape competition by being better dispersers (Turnbull et al. 2000). 
Plant competition from established adult plants is also known to be of great 
importance in affecting recruitment. In grasslands in particular competition from 
established plants is a major limitation on seedling recruitment and the establishment 
of plant species. Microsite limitation is often more important for seedling 
recruitment than seed limitation and removal of the vegetation, usually by 
cultivation, tends to lead to increased seedling recruitment (Burke and Grime 1996, 
Tilman 1997, Zobel 1997, Foster and Tilman 2003, Foster et al. 2004). Competition 
may also restrict the ability of species to invade the community and disturbed 
communities are generally more invasible than undisturbed ones (Crawley et al. 
1986, Burke and Grime 1996). The relative importance of competition from 
different plants has rarely been looked at and disturbance has usually involved the 
creation of gaps of varying sizes by removing all vegetation and disturbing the soil. 
In a grassland the dominant grasses may be most important in limiting seedling 
recruitment but competition from herb species may also be play a role. If herbs have 
specific regeneration niches (Grubb 1977) then the removal ol herbs from the 
community could also allow more herb invasion or be more important than the 
removal of grasses in increasing recruitment. Seed and microsite limitation are 
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likely to interact with each other and many species may be seed-limited when 
microsite limitation is relaxed but not otherwise (Tumbull et al. 2000, Jutila and 
Grace 2002, Gross et al. 2005, Clark et al. 2007). 
Although many studies have looked at the interaction of seed and microsite 
limitation, very few have considered their interaction with another important process, 
restricting seedling recruitment: seedling herbivores can also have large effects on 
the number of seedlings recruiting (Hulme 1996b). Molluscs are one of the 
dominant seedling herbivores in grasslands and many studies have indicated that 
they can reduce seedling recruitment and have effects on species richness by 
selective herbivory (Hulme 1994, Hanley et al. 1995a, 1996a, Hulme 1996a). They 
have their main effects on herb species, whose recruitment they may severely reduce 
(Hanley et al. 1996b, a). Removing mollusc herbivores might make seed limitation 
more important as more seedlings survive (Tumbull et al. 2000). Molluscs may also 
be able to restrict the ranges of very palatable species, particularly members of the 
Asteraceae, and therefore removing them could allow invasion of these species into 
the community (Bruelheide and Scheidel 1999). 
Larger herbivores such as rabbits can also be important seedling predators but 
as well as consuming seedlings they provide microsites for germination (Crawley 
1990, Bakker and Olff 2003). The impact of rabbits may therefore depend on the 
competition and disturbance regime, as they may benefit seedling recruitment in 
areas where competition is more intense but restrict it otherwise (Crawley 1990). By 
providing microsites for recruitment they could alter the importance of seed 
limitation. Rabbits could also interact with dispersal limitation and either facilitate 
invasion of species into the community by increasing disturbance and providing 
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more microsites for their germination or they could restrict the invasions of palatable 
species by selective herbivory (Case and Crawley 2000). 
All of these factors have been identified as important in affecting recruitment 
and invasibility of a plant community but few studies have considered them together. 
This means that it is hard to assess their relative importance in a single community or 
to look for interactions between them. In order to address this, experiments were 
established in acid mesotrophic grassland in Silwood Park in the south of England, 
which manipulated propagule supply of both species occurring in the community and 
grassland species not present in the community, along with manipulations of plant 
competition and herbivory. Plant competition treatments involved soil disturbance in 
one experiment and the use of herbicides in the other to remove either all grasses or 
all herbs or all vegetation. Herbicide treatments do not disturb the soil and may 
therefore better mimic the effects of disturbances such as droughts which kill 
established plants providing microsites for seedling germination, in addition selective 
herbicides allow the relative importance of competition from herbs and grasses to be 
assessed. Herbivory treatments involved the exclusion of rabbits and molluscs. 
5.3 Methods 
I describe the results of two experiments that manipulated seed sowing, seedling 
herbivores and plant competition. Both were carried out in the grasslands of Silwood 
Park, which are species-poor acid mesotrophic grasslands (Chapter Two) (Crawley 
2005). 
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Church Field experiment 
An experiment was set up in Church Field in Silwood Park in Autumn 2005 
in a split-plot design. There were factorial exclusions of molluscs and rabbits as well 
as seed sowing and herbicide treatments. Herbicide treatments were nested within 
the rabbit fencing treatment and molluscicide and seed sowing were nested within 
herbicide. The experiment consisted of four blocks, half of each had been fenced 
against rabbits (see below), within each fenced or unfenced half, four herbicide 
treatments were applied: broad spectrum herbicide to remove all vegetation (minus-
all), a grass-specific herbicide (minus-grass), a herb-specific herbicide (minus-
herbs), which killed all dicotyledons and an untreated control (control). Within the 
herbicide plots (4m x 4m), molluscicide and seed sowing treatments were cross-
factored with each other. The smallest plot size was 2m x 2m, and the experiment 
contained 128 of these small plots. 
Treatments 
The rabbit fences had been erected in January 2000, as part of an earlier 
escpex-unerd (del-\fal aiid (:rawle)r :20()5). In (Dctober 20()5 f()ur herbicidie %-eatnients 
were applied: two selective herbicides were used to kill either all the herbs. Outrun 
(acliT/e ingpredients mecoprop-I) l ', i:)5.9g l ' ancl 2[L4g dk:amk,a 1') 
applied at 61 product ha ' ; or all the grass species, Fusilade max (active ingredient: 
125 g fluazifop-P-butyl l ') applied at 31 product h a A general herbicide, Roundup 
(active ingredient: 68g glyphosate l ') applied at 61 product ha', was used to kill all 
tlie vege%iti()n ancl control plc)ts were uns]pra)fed. iSelectix/e herbicicles were n()t 
very effective and so all herbicides were applied again in March 2006. Seed sowing 
and molluscicide treatments were nested within the herbicide treatments. The 
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molluscicide used was metaldehyde ('Mifaslug') at 3% w/w (0.01 kg m" )^, it was 
first applied in October 2005 then again in March 2006 and approximately every 
three weeks thereafter, during the growing season, i.e. until late August. Thirty 
species were sown at the rate of 15 gm'^ in March 2006 (see Table 5.1). Of these 
sown species, 22 species were additions (species not present in Church Field) and 
eight were augmentations (species present in Church Field). 
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Table 5.1: the species used in the sowing experiments in Oakmead and Church Field, the 
seeds were provided as wi ldf lower mixes obtained f rom John Chambers wildflowers. 
Species 
Achillea millefolium 
Anthyllis vulneraria 
Centaurea nigra 
Cerastium fontanum 
Clinopodium vulgare 
Crepis capillaris 
Daucus carota 
Galium mollugo 
Galium verum 
Geranium pratense 
Hypericum perforatum 
Hypochaeris radicata 
Leontodon hispidus 
Leucanthemum vulgare 
Linaria vulgaris 
Lotus corniculatus 
Malva moschata 
Medicago lupulina 
Plantago lanceolata 
Plantago major 
Prunella vulgaris 
Ranunculus acris 
Reseda luteola 
Rhinanthus minor 
Rumex acetosa 
Sanguisorba minor 
Silene dioica 
Stachys officinalis 
Taraxacum agg. 
Trifolium pratense 
Data collection 
Seedling numbers were counted in late June 2006. Seedlings were identified 
to species and counted on each plot. The plots were also surveyed in July 2006, in 
order to assess the effects of the herbicides, the percentage cover of each species was 
visually estimated in the plots. In 2007, percentage cover of each species on all plots 
was estimated in August. For the addition species it was recorded if any individuals 
were flowering within a plot. 
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Statistical analysis 
Data were analysed using split-plot ANOVA (Crawley 2007b) with the 
model formula: 
y-Rabbits*Herbicide*Mollusc*Seeds+Error(Block/Rabbits/Herbicide) 
percentage cover data was arc-sine transformed and species richness data was 
square-root transformed. Count of seedlings were analysed using linear mixed 
effects models with Poisson errors, using the lme4 package (Bates and Sarkar 2007). 
These had the fixed effects: Rabbits (fenced or grazed); Mollusc (control or 
molluscicide); Herbicide (control, minus-all, minus-grass, minus-herbs) and Seeds 
(sown or unsown) and the random effects Block/Rabbits/Herbicide. For the 
introduced species in Church Field, the number of plots occupied in August 2007 
(presence absence data) was analysed using linear mixed effects models with 
binomial errors. Significance of fixed effects was assessed by deletion from the 
model and the comparison of the models using L-ratio tests (Crawley 2007b). All 
analyses were conducted using the statistical programme R 2.5(R Development Core 
Team 2007). 
Oakmead 
Slug enclosures were established in Oakmead, an acid grassland in Silwood 
Park, Berkshire in June 2006. Treatments involved three densities of slugs, zero, 
five and ten m'^, seed sowing and disturbance treatments. The experiment was 
carried out in four blocks, in two areas with different abundances of forbs (as 
explained below). The experiment was a split plot design so that slug density, seed 
sowing and disturbance were nested within plant community, which was nested 
within block. A total of ninety-six cages were used in the experiment. 
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Treatments 
The slug enclosures were constructed from zinc coated steel sheets, 100cm x 
40cm. Four sheets were used to make each cage, each sheet was sunk 15cm into the 
ground, so that the cages were Im^ and 25cm tall. Above-ground the sheets were 
connected together at the comers using duct tape; angle irons, 30cm long were sunk 
into the ground at each comer in order to seal the cages at the comers below ground. 
In order to prevent slugs crawling up the sides of the cages, copper tape was glued 
(sticky backed copper tape from Agralan was used) to the inside and outside of the 
cage, approximately 10cm from the top. Copper tape is known to deter slugs (Hata 
et al. 1997). A layer of duct tape was fixed to the cage first so that the copper tape 
was stuck onto duct tape, this was to prevent electrolytic contact between the copper 
and the metal cage. As further protection a layer of Vaseline was applied at the top 
of the cage, inside and outside, between the top and the copper tape in order to 
further deter slugs from escaping. 
The enclosures were established in areas that had been ungrazed by rabbits 
since 1996, when rabbit fences had been erected as part of an earlier experiment in 
which different cultivation treatments were applied within the rabbit fences; the three 
treatments were cultivation, cultivation and subsequent fumigation of the soil with 
methyl bromide and uncultivated controls (M. Crawley unpublished data). These 
treatments have created different plant communities: the areas treated with methyl 
bromide have the highest species diversity and largest numbers of forbs while the 
uncultivated areas have the lowest diversity and are dominated by tall grasses. The 
slug enclosures were therefore set up in two plant communities in each block: a forb 
rich community (forb community) and a forb poor community (grass community). 
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The forb community had on average 23% total herb cover compared to 8% in the 
grass community (p<0.001; from undisturbed unsown slug enclosures). 
The slug species used was Arion subfuscus, which is the most abundant slug 
in the grasslands of Silwood (see Chapter Three). Slugs were collected in early 
morning and then released into the cages in three introductions; one in May 2006, 
one in October 2006, following seed sowing and one in April 2007. Before each 
introduction a Petri-dish containing metaldehyde slug pellets was put into the centre 
of each enclosure, covered with a plant saucer, in order to kill any slugs or snails that 
were present in the enclosures. Three densities of slugs were used 0 m"^ , 5 m'^ and 
lOm" .^ Bushcmann et al. (2005) (using 4m"^  cages) introduced 22 slugs in the first 
year and 10 in subsequent years of their experiment, which they suggested was a 
high density of slugs. In this experiment 10 slug m'^ should therefore represent a 
high density. Seeds were sown in October 2006 at a density of 15g m"^ . The same 
seed mixes as used in the Church Field experiment (see Table 5.1) was used here. 
Data collection 
Seedling numbers were counted in April 2007, in a 25cm x 50cm quadrat 
placed in the centre of each enclosure. Seedlings were identified to species and 
counted. In August 2007, the percentage cover of each species was visually 
estimated in each enclosure. 
Statistical analysis 
Data analysis was as described for Church Field above. The nesting structure 
was Block/Community. Factor level reduction was used to determine if slug density 
had a significant effect on each response variable. 
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5,4 Results 
Total seedling numbers 
Seed addition did increase seedling numbers in both experiments: in Church 
Field from an average of 27 seedlings in an unsown plot to 131 in sown plots and in 
Oakmead from 27 in unsown plots to 53 in sown plots (Oakmead /»<0.001; Church 
Field ^<0.001). Seedling numbers were increased substantially on plots with no 
competition from adult plants, the disturbed plots in Oakmead and the minus-all 
plots in Church Field (Oakmead seeds x disturbance jo=0.02; Church Field seeds x 
herbicide p<0.0001). Seedling numbers were also increased on the undisturbed plots 
in both experiments by sowing. Selective herbicides also resulted in more seedling 
recruitment on sown plots, compared to the control in Church Field, with grass-
specific herbicides resulting in a larger increase (9 fold) than the herb-specific ones 
(2 fold). On the unsown plots, grass-specific herbicides also resulted in increases in 
total seedling numbers but minus-herb plots had fewer seedlings than control plots. 
An average of 14.3 species recruited on minus-all plots, compared to 3.7 on minus-
grass, 2.7 on minus-herbs and 1.3 on the control plots. 
Mollusc herbivores reduced total seedling numbers (Oakmead p<0.0001; 
Church Field p<0.0001) and species richness of seedlings in both experiments 
(Oakmead p=0.02; Church Field /><0.01). Removing molluscs in the Church Field 
experiment, lead to nearly twice as many seedlings recruiting, on average. In the 
slug enclosure experiment 52 seedlings were found on average in plots without any 
slugs, compared to 34.5 on average in plots with slugs. In both experiments, slug 
impact varied with plant competition. In the slug enclosure experiment slug 
densities had different impacts on total seedling numbers in the grass and forb 
communities (Figure 5.1). In the forb community there was no difference between 
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low and high densities of slugs but enclosures with no slugs had significantly more 
seedlings. In the grass community, however, there was a difference between low and 
high densities, enclosures with ten slugs had significantly more seedlings than those 
with five, although both had significantly fewer than enclosures with no slugs. This 
pattern was seen most clearly on sown, disturbed plots (Table 5.1). 
In Church Field molluscs had larger proportional impacts on seedling 
numbers on minus-all plots (Table 5.1), where there was also a more than 2 fold 
increase in seedling numbers with mollusc removal, their impact on the minus-grass 
plots (1.2 fold) was similar to that on control plots (1.3 fold) but they had a larger 
proportional impact on minus-herb plots (1.7 fold). This larger impact on the minus-
herb plots, was particularly evident inside the rabbit fences, where there was a ten 
fold increase in seedling numbers without molluscs (Table 5.2). A rabbit mollusc 
interaction (Table 5.2) was also significant, molluscs decreased total seedling 
numbers two fold in fenced plots but only 1.5 fold on grazed plots. In this 
experiment mollusc removal had a similar level of effect on seedling numbers to 
removal of herbs, which resulted in a 1.6 fold increase in seedling numbers 
compared to control plots. Removing grasses resuUed in a 6.8 fold increase and 
removing all vegetation a 46 fold increase in seedling numbers. 
Rabbits also had large impacts on numbers of seedlings in Church Field but 
their impact depended on the herbicide treatment (Figure 5.2): on minus-all plots 
rabbit grazing reduced seedling numbers, three times as many seedlings appeared 
inside the fences here. On the other treatments rabbit grazing increased total 
seedling numbers and the proportional effect was greater on the control plots than on 
either of the plots with selective herbicide. On the plots with selective herbicides. 
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rabbit grazing had little impact on seedling numbers on the sown plots and had a 
larger effect on the unsown (Figure 5.2). 
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FIG. 5.1: the effects of three different slug densities on total seedling numbers, from left to 
right; "none' - no slugs added to enclosures, "low" = 5 slugs m"^  "high" = 10 slugs 
"Forb" = forb rich community and "Grass" = forb poor community (see methods). Error 
bars are +/- 1 standard error of the mean and are calculated from untransformed data. In the 
forb community there was no difference between low and high slug densities factor levels 
reduction to group these two levels did not reduce the explanatory power of the model 
(p=0.63). In the grass community there was a difference between low and high densities and 
grouping these two levels significantly reduced the fit of the model (p<0.0001). 
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Table 5.2: sample analysis of total number of seedlings in Church Field. Model l ing was 
carried out using a linear mixed effects model with Poisson errors, fit using Laplace, the 
minimal adequate model is shown here, see Methods for explanation of factors. 
R a n d o m e f f e c t s : 
G r o u p s 
H e r b i c i d e : ( R a b b i t s : B l o c k ) 
R a b b i t s : B l o c k 
B l o c k 
n u m b e r o f o b s : 1 2 8 , g r o u p s : 
Name 
( I n t e r c e p t ) 
( I n t e r c e p t ) 
( I n t e r c e p t ) 
V a r i a n c e S t d . D e v . 
0 . 6 0 7 3 3 0 . 7 7 9 3 2 
0 . 2 3 2 0 2 0 . 4 8 1 6 9 
0 . 1 8 4 3 5 0 . 4 2 9 3 6 
H e r b i c i d e : { R a b b i t s : B l o c k ) , 3 2 ; R a b b i t s : B l o c k , 8 ; B l o c k , 4 
F i x e d e f f e c t s : 
E s t i m a t e S t d , . E r r o r z v a l u e P r { > l z | ) 
( I n t e r c e p t ) 1 . , 3 1 9 7 0 . , 5 6 3 7 2 . . 3 4 1 0 . 0 1 9 2 1 5 * 
R a b b i t s G r a z e d 0 . . 4 6 2 9 0 . , 7 1 7 1 0 . . 6 4 6 0 . 5 1 8 5 5 3 
H e r b i c i d e m i n u s . a l l 4 . . 6 3 9 9 0 . . 6 0 5 0 7 . . 6 6 9 1 . , 7 3 e - 1 4 
H e r b i c i d e m i n u s . g r a s s 1 . . 7 0 2 7 0 . . 6 1 3 8 2 , . 7 7 4 0 . 0 0 5 5 3 5 
H e r b i c i d e m i n u s . h e r b - 0 . . 6 4 0 9 0 . . 6 8 1 7 - 0 . . 9 4 0 0 . 3 4 7 1 7 8 
M o l l u s c p e l l e t s - 1 . , 0 2 4 8 0 . , 3 4 7 9 - 2 . . 9 4 6 0 . 0 0 3 2 2 0 
S e e d s u n s o w n - 1 . . 0 2 4 3 0 . , 3 4 7 8 - 2 . . 9 4 5 0 . 0 0 3 2 3 0 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . a l l - 1 . . 8 9 5 7 0 . , 8 3 9 8 - 2 . . 2 5 7 0 . 0 2 3 9 9 4 * 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . g r a s s - 0 . . 1 6 9 1 0 . . 8 4 7 6 - 0 . . 1 9 9 0 . , 8 4 1 9 1 3 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . h e r b 1 . . 4 9 7 1 0 . . 9 0 4 6 1 . . 6 5 5 0 . , 0 9 7 9 1 5 . 
R a b b i t s G r a z e d : M o l l u s c p e l l e t s 1 , . 5 9 4 3 0 , . 3 7 7 8 4 , . 2 2 0 2 . . 4 4 e - 0 5 * * * 
H e r b i c i d e m i n u s . a l l : M o l l u s c p e l l e t s 1 , . 8 5 7 5 0 , . 3 4 9 0 5 . . 3 2 2 1 . . 0 3 e - 0 7 * * * 
H e r b i c i d e m i n u s . g r a s s : M o l l u s c p e l l e t s 1 . . 3 0 5 3 0 . . 3 6 1 9 3 . . 6 0 7 0 . , 0 0 0 3 0 9 * * * 
H e r b i c i d e m i n u s . h e r b : M o l l u s c p e l l e t s 3 , . 3 9 2 4 0 , . 4 6 9 6 7 , . 2 2 3 5 . . 0 7 e - 1 3 * * * 
R a b b i t s G r a z e d : S e e d s u n s o w n - 0 . . 1 9 3 4 0 . . 4 0 8 5 - 0 . . 4 7 3 0 , . 6 3 5 9 6 5 
H e r b i c i d e m i n u s . a l l : S e e d s u n s o w n - 0 . . 7 9 7 0 0 . . 3 5 2 4 - 2 , . 2 6 1 0 , . 0 2 3 7 3 0 * 
H e r b i c i d e m i n u s . g r a s s : S e e d s u n s o w n 0 . . 7 6 4 8 0 , . 3 6 4 5 2 . 0 9 8 0 , . 0 3 5 8 9 3 * 
H e r b i c i d e m i n u s . h e r b : S e e d s u n s o w n - 3 , . 5 6 8 9 0 , . 8 8 9 5 - 4 , . 0 1 2 6 . . O l e - 0 5 * * * 
M o l l u s c p e l l e t s : S e e d s u n s o w n 0 . . 3 0 9 3 0 . 3 6 6 8 0 . 8 4 3 0 , . 3 9 9 0 9 5 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . a l l : M o l l u s c p e l l e t s - 1 . . 8 0 6 8 0 . . 3 8 1 3 - 4 , . 7 3 8 2 . . 1 6 e - 0 6 * * * 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . g r a s s : M o l l u s c p e l l e t ! s - 1 . . 4 7 3 3 0 , . 3 9 5 8 - 3 , . 7 2 3 0 . . 0 0 0 1 9 7 * * * 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . h e r b : M o l l u s c p e l l e t s - 4 , . 4 2 0 6 0 , . 5 2 2 5 - 8 . 4 6 0 : 2 e - 1 6 * * * 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . a l l : S e e d s u n s o w n 1 . 0 1 6 7 0 . 4 1 3 5 2 . 4 5 9 0 . 0 1 3 9 5 1 * 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . g r a s s : S e e d s u n s o w n 0 . 3 7 2 2 0 . 4 2 5 9 0 . 8 7 4 0 . . 3 8 2 2 4 7 
R a b b i t s G r a z e d : H e r b i c i d e m i n u s . h e r b : S e e d s u n s o w n 2 . 9 3 5 5 0 . 8 7 1 6 3 . 3 6 8 0 . 0 0 0 7 5 7 * * * 
H e r b i c i d e m i n u s . a l l r M o l l u s c p e l l e t s : S e e d s u n s o w n - 0 , , 6 7 9 8 0 , . 3 7 2 4 - 1 . 8 2 6 0 , . 0 6 7 9 1 1 . 
H e r b i c i d e m i n u s . g r a s s : M o l l u s c p e l l e t s : S e e d s u n s o w n - 0 , . 7 9 1 6 0 . 3 8 5 6 - 2 . 0 5 3 0 . 0 4 0 0 8 9 * 
H e r b i c i d e m i n u s . h e r b : M o l l u s c p e l l e t s : S e e d s u n s o w n 0 . 1 6 6 4 0 . 5 6 2 5 0 . 2 9 6 0 . 7 6 7 3 3 3 
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FIG. 5.2: boxplots showing rabbit and herbicide effects on total seedling numbers in Church Field on (a) unsown plots and (b) sown plots, "control" = 
untreated control, "minus-herbs" = plots treated with herb specific herbicide, "minus-grass" = plots treated with grass specific herbicide, "minus-all" = plots 
treated with glyphosate herbicide. Note the different scales on sown and unsown plots. A three-way interaction between all factors is significant plots (rabbit 
X herbicide x seeds interaction/)<0.0001) and there is also a two way interaction between rabbits and herbicide (rabbit x herbicide interactionp=0.03). 
186 
jggcrwfr/MgMr. jg/oMf coo^erzrzoM CAqpfer j 
Species richness 
In the percentage cover surveys, disturbed plots were more species rich than 
undisturbed plots (Table 5.3) (Church Field, herbicide p<0.0001). In Church Field 
minus-all plots were the most species rich with 19 species, compared to 14 on the 
minus-grass plots and 12 on the minus-herb and control plots, the last two were not 
significantly different from each other. In Oakmead disturbed plots contained 14 
species compared to 9 on undisturbed plots, where sowing increased species richness 
on the disturbed plots but not on the undisturbed (Table 5.3). In Church Field 
sowing increased species richness on all herbicide, although the proportional effect 
varied with herbicide treatment: sowing increased species ricliness: 1.9 times on 
minus-all plots; 1.5 times on minus-grass and minus-herb plots and 1.2 times on 
control plots (Figure 5.3). 
Molluscs had effects on species richness, estimated from the percentage 
cover data, in both experiments (Table 5.3) (Church Field j9<0.01). In Church Field 
they decreased species richness, on average there were an extra 1.5 species on plots 
without molluscs (p<0.01). In Oakmead low slug densities reduced species richness 
compared to the control, they contained on average two fewer species, high slug 
densities, however, were not significantly different to the controls (Figure 5.4). 
Rabbits also affected species richness in Church Field but their impacts 
depended on the herbicide treatment (rabbit x herbicide interaction p=0.02): on 
minus-all plots, they decreased species richness, whereas on the other plots they 
increased richness. 
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F I G . 5.3: e f fec t of seed sowing on species richness on the four herbicide treatments, f rom 
left to right: "cont ro l" = untreated control, "minus herbs" = plots treated with herb specific 
herbicide, "minus grass" = plots treated with grass specific herbicide, "minus all" = plots 
treated wi th glyphosate herbicide. Error bars are +/- one standard error of the mean and 
were calculated f rom untransformed data. A herbicide sowing interaction was significant 
(herbicide x sowing p<0.0001) , sowing effects were significant on each herbicide treatment, 
minus-al l (p<0.0001), minus-grass (^<0.0001), minus-herbs (p<0.0001) and control (p=0.04) 
but the ef fect size varied. 
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F I G 5.4: e f fec ts of the three slug densities on species richness measured in Augus t 2007: 
" n o n e ' - no slugs added to enclosures, " l o w " = 5 slugs m"^ "h igh" = 10 slugs m m"^. Error 
bars are +/- 1 standard error of the mean and were calculated from untransformed values. 
Factor level reduct ion replaced the three level factor with a two level factor grouping high 
and zero together , this did not reduce the explanatory power of the model p=0 .69 . 
Table 5.3: sample analysis of species richness in Oakmead, measured in August 2007. 
Model l ing was carried out using a nested analysis of variance, species richness was square-
root t ransformed prior to analysis, see Methods for explanation of the factors. 
Error: Block 
Df Sum Sq Mean Sq F value Pr(>F) 
Residuals 3 3.2974 1.0991 
Error: Block:Community 
Df Sum Sq Mean Sq F value Pr(>F) 
Community 1 0.59636 0.59636 11.371 0.04334 * 
Residuals 3 0.15733 0.05244 
Error: Within 
Df Sum Sq Mean Sq F value Pr(>F) 
Slug.density 2 1 4755 0 7377 4 .2877 0.01775 * 
Seeds 1 4 0599 4 0599 23 .5958 7 644e-06 *** 
Disturbance 1 12 8903 12 8903 74 9173 1 784e-12 *** 
Community:Slug.density 2 0 0511 0 0256 0 .1485 0.86227 
Community:Seeds 1 0 4398 0 4398 2 .5561 0.11465 
Slug.density:Seeds 2 0 7753 0 3876 2 .2530 0.11311 
Community:Disturbance 1 0 3323 0 3323 1 .9313 0.16929 
Slug.density:Disturbance 2 0 3690 0 1845 1 .0723 0.34809 
Seeds:Disturbance 1 5 7997 5 7997 33 .7073 2 OOle-07 *** 
Community:Slug.density:Seeds 2 0 0558 0 0279 0 .1622 0.85064 
Community:Slug.dens ity:Disturbance 2 0 5411 0 2706 1 .5725 0.21521 
Community:Seeds:Disturbance 1 0 0105 0 0105 0 .0609 0.80588 
Slug.density:Seeds:Disturbance 2 0 2689 0 1344 0 .7813 0.46200 
Community:Slug.density:Seeds:Disturbance 2 0 2025 0 1013 0 .5886 0.55800 
Residuals 66 11 3560 0 1721 
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Introduced species 
The total numbers of seedlings of the introduced species was increased by 
herbicide application in Church Field, see figure (p<0.001). Removal of all 
vegetation resulted the greatest increases in seedling numbers, followed by removal 
of grasses and then removal of herbs. Rabbits increased seedling numbers of 
introduced species on control and minus-grass plots, had no effect on minus-herb 
plots and decreased numbers on minus-all plots (rabbit x herbicide interaction 
p<O.Ol). Molluscs reduced seedling numbers throughout (p<0.01). 
The total percentage cover of introduced species sixteen months after sowing 
was low on all plots in Church Field (see Figure 5.5). It was maximal on fenced 
minus-all plots (10%) but otherwise was only greater than 1% on grazed minus-all 
and fenced minus-grass plots. Molluscs reduced the total cover of introduced species 
from 2.9% to 1.7%, (p<0.01), they reduced total cover on all herbicide treatments but 
outside minus-all plots, average total cover of introduced species was not greater 
than 1% on plots grazed by molluscs. 
Unsown herb species were affected by sowing only on minus-all plots; 
sowing reduced total cover from 39% to 30% on minus-all plots (p<0.001) but had 
no effect on minus-herbs (p=0.3\); minus-grass (p=0.73) or on the control plots 
(p=0.08). On minus-all plots the reduction on sown plots was greatest inside the 
rabbit fences (rabbit x herbicide interaction /?<0.01), where cover was reduced from 
38% to 23% compared to from 41% to 39% on grazed plots. 
In Oakmead the introduced species recruited better as seedlings on the forb 
rich plots (p=0.01), where there were an average of 5.2 species compared to 2.8 on 
the forb-poor plots. Forb abundance did not significantly affect the percentage cover 
of introduced species, however. 
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FIG. 5.5; effect of rabbit grazing on total percentage cover of species introduced to 
the community following seed sowing 16 months earlier, in four herbicide 
treatments, "control" = untreated control, "minus herbs" = plots treated with herb 
specific herbicide, "minus grass" = plots treated with grass specific herbicide, 
"minus all" = plots treated with glyphosate herbicide. Error bars are +/- one standard 
error of the mean and are calculated from untransformed values. A rabbit herbicide 
interaction was significant (rabbit x herbicidep=0.03). 
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Individual species responses 
Plant competition and seed sowing 
All of the species sown recruited somewhere in Church Field, the following 
nine species appeared as seedling in five or fewer plots and at the cover survey in 
eight or fewer, so were not analysed individually: Medicago lupulina, Plantago 
major, Rhinanthus minor, Geranium pratense, Leontodon hispidus, Stachys 
officinalis, Taraxacum agg., Reseda luteola and Hypochaeris radicata. In Oakmead 
Geranium pratense was abundant enough to analyse, but all the others were absent or 
equally rare. 
In Oakmead seedling numbers for all species were higher on disturbed plots 
(Table 5.4). Several of the introduced species, not present in the community, 
recruked on the didbrbed pkds. Seedhngs of GeraMfwim frafefwe, 
perforatum, Sanguisorba minor and Trifolium pratense all appeared on the disturbed 
plots. Of these only S. minor and G. pratense were still present as adult plants, T. 
pratense and H. perforatum had virtually disappeared (Table 5.4). Of the addition 
species only Malva moschata seedlings appeared on undisturbed plots but they 
survived until the percentage cover survey only on disturbed plots. Two species that 
did recruit in Church Field (see below) almost totally failed to do so in the slug 
enclosures: Anthyllis vulneraria and Silene dioica. 
In the Church Field experiment most recruitment occurred on the plots 
sfyrayed \vith gf^ fpIiossLtezmd seedling; nwribers wore higliest diere ftiraU species (see 
Table 5.5). Of the introduced species that recruited in the slug enclosures, only 
GemMzwwi failed to do so here, it was present on only three plots at the time 
ofthecoversurvey. The seedlings of Geramw/M/,m/emeand 
Hypericum perforatum were found on hardly any plots outside the minus-all 
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herbicide treatment. Galium verum, Leucanthemum vulgare, Linaria vulgaris and 
Silene dioica did appear on some of the other herbicide treatments but only the 
minus-all treatment significantly increased seedling numbers above that on control 
plots (Table 5.5). The grass specific herbicide lead to increased seedling recruitment 
for Daucus carota and Sanguisorba minor over the control but the herb specific 
herbicide treatment had as few seedlings as the control (Table 5.5). For these two 
species removing all vegetation lead to increased recruitment (minus all had 
significantly more seedlings than minus grass). Removing herb species did lead to 
increased cover for Anthyllis vulneraria, Centaurea nigra, Malva moschata and 
Trifolium pratense but removing grasses did not lead to further increases. Minus-all 
plots did, however, have more seedlings than either of the specific herbicide plots. 
The seedlings of only G. verum, Leucanthemum vulgare, S. minor and T. pratense 
were found on control plots but only the first two on several plots Leucanthemum 
vulgare only appeared on one plot and Galium verum only on two. 
Despite appearing as seedlings on several plots, A. vulneraria, G. pratense 
and T. pratense, were present on very few plots (less than six in total) n August 
2007. Two species were present on few plots outside the minus-all treatment: LI. 
perforatum (2) and Linaria vulgaris (4). Only three species persisted on more than 
one control plots: corora (5), M/Zva (9) and Cgn/awrga Mfgro' (3). 
The first two persisted as well on the plots with specific herbicides as they did on the 
control, although they were present on more of the minus all plots. Centaurea nigra 
persisted better on minus-grass plots (but best on minus-all). Of the species that did 
not persist or recruit on control plots Leucanthemum vulgare and Sanguisorba minor 
persisted better on minus-grass plots but did not persist on many minus-herb or 
control plots. Both of these species also persisted as well on minus-all as on minus-
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grass plots. Clinopodium vulgare, Prunella vulgaris, Silene dioica and Galium 
verum were present on more minus-herb plots but minus-grass plots did not contain 
more than the minus-herb plots. All species apart from Geranium pratense and 
Hypericum perforatum flowered on minus-all plots. Only D. carota flowered on 
control plots. More species (six) flowered on minus-herb than minus-grass (four) 
plots. 
In Oakmead, seed augmentation increased seedlings numbers of all species 
on the cultivated plots (Table 5.4). Of these, seed inputs had significantly increased 
the percentage cover of nine of the thirteen where the soil had been cultivated (Table 
5.4). Only Lotus corniculatus had more seedlings on sown plots without soil 
cultivation and no species had significantly greater cover on sown uncultivated plots 
compared to unsown, uncultivated. Centaurea nigra had significantly lower cover 
on sown uncultivated than unsown uncultivated plots. In the forb community 
percentage cover of Clinopodium vulgare (p=0.62) and Galium verum (p=0.27) were 
not increased by sowing but in the grass dominated plots they were: Clinopodium 
vulgare (p<0.001) and Galium verum (p<0.01). 
None of the augmented species had increased seedling numbers or percentage 
cover on control plots in Church Field (see Table 5.6). Herbicide treatments affected 
seed-limitation for all the species. Both seedling numbers and percentage cover of 
Plantago lanceolata and Lotus corniculatus were increased by sowing on all 
herbicide treatments, except seedling numbers on minus-herbs for L. corniculatus. 
Sowing increased seedling numbers and percentage cover oiAchillea millefolium on 
minus-herb and minus-all plots only; seedling numbers were increased with sowing 
on minus-grass but percentage cover was not. Sowing increased seedling number of 
Cerastium fontanum (all herbicide treatments, marginally significant on minus-
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herbs) Crepis capillaris (minus-herb and minus-all) and Ranunculus acris (minus 
herb) (Table 5.6), but percentage cover was not increased by sowing anywhere, 
although R. acris had marginally significantly higher cover on minus-all plots with 
sowing. Neither percentage cover nor seedling numbers were increased for Rumex 
acetosa on any herbicide treatment. 
Seed sowing had effects on a single unsown species: Senecio jacobaea 
percentage cover was lower on sown plots but on the minus-all plots only (p=0.03). 
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Table 5.4: e f fect of seed sowing on seedling numbers and percentage cover on cultivated 
and uncult ivated plots in Oakmead. "Introductions" are sown species not previously present 
in the communi ty and "Augmenta t ions" are sown resident species. Seedling numbers were 
counted in April 2007 and percentage cover assessed in August 2007. For the augmented 
species, asterisks beside the sown mean indicate it is significantly different f rom unsown 
mean: * signif icant at 5% level ** significant at 1% level *** significant at 0 .1% not 
significant. 
cultivated uncultivated 
species seedlings % cover seedlings % cover 
Introductions 
Geranium sown 0.7 &07 0 0.004 
pratense unsown 0 0 0 0 
Malva moschata sown 
unsown 
2.2 
0 
0.7 
0.04 
0.08 
0 
0 
0 
Sanguisorba sown 2.2 a87 0 0 
minor unsown 0 0 0 0 
Trifoliiim sown 9.3 0.07 0 0 
pratense unsown 0 0.05 0 0 
Augmentations 
Achillea sown 0.25"* 2.05 
millefolium unsown 3.3 Z25 0 33 2J3 
Centaurea nigra sown 
unsown 
6J^** 
0.04 
1.84** 
&08 
0 
0 
0.02* 
023 
Cerastium sown 2.6*** 0.71* 0 QNS 
fontamim unsown 0.6 0j# 0 025 
Clinopodiiim sown 2 g*** 1.09*** 0 
vulgare unsown 0 0j# 0 1.61 
Crepis capillaris sown 
unsown 
0.2** 
0 
&02* 
0 
0 
0 
0 
0 
Daucus carota sown 
unsown 
1.8*** 
0.2 
&8** 
0.3 
0 
0 
0 2 " s 
0.2 
Galium verum sown 
unsown 0 
0.53*** 
0.17 
0 . 0 8 ^ 
0 0 
Leucanthemum sown 2.6*** &65"s OJNS 0.21 
vulgare 
Linaria vulgaris 
unsown 
sown 
unsown 
0.2 
2J* 
3.9 
038 
1.63* 
4^9 
0.1 
0.08 
0 
0.68 
1.88"s 
2^2 
Lotus sown 4 g*** Z4* Oj* 
corniculatus unsown 0.8 0.81 0.04 0.89 
Plantago sown 1 2*** 2.76*** 0 0 
lanceolata 
Ranunculus acris 
Rumex acetosa 
unsown 
sown 
unsown 
sown 
unsown 
0.8 
1* 
0.4 
0.67** 
0.12 
0.17 
0.02"s 
0.02 
1.19 
0 
&04"s 
0 
0.04"^^ 
0 
0 
0.01 Ns 
0 
1.41 Ns 
1.27 
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Table 5.5: recruitment and persistence on the four herbicide treatments in Church Field for 
introduced species (those not previously present in the community) , "control" = untreated 
control, "minus he rbs" = plots treated with herb specific herbicide, "minus grass" = plots 
treated with grass specific herbicide, "minus all" = plots treated with glyphosate herbicide. 
Seedling numbers in April 2006 and number of plots occupied in August 2007 are shown. 
Letters in superscript indicate significant differences, i.e. means with the same letter are not 
significantly different at 5% level. "F=" indicates the number of plots with at least one 
f lower ing individual in August 2007. t indicates species too rare in August 2007 to analyse. 
J no seedlings of Prunella vulgaris were found. 
Species Control Minus herbs Minus grass Minus all 
seedlings plots seedlings plots seedlings plots seedlings plots 
Anthyllis vulneraria t 0 ' 
Centaiirea nigra 0 ' 
Clinopodium vulgare 0 ' 
Daucus carota 
Galium verum 
Geranium pratense t 
Hypericum perforatum 
Leucanthemum 
vulgare 
Linaria vulgaris 
Malva moschata 0 ^ 
Prunella vulgaris J 0 
Sanguisorba minor 0.5 ' 
Silene dioica 0 ^ 
Trifolium pratense f 0.5 ' 
0 
o ' 
o ' 
OIG* 
o" 
0 
0 
5" 
(F=l) 
. a 
(1031 
0.75 
&06 
0.41 ' 
&03' 
0.03* 
cue' 
o" 
1.09' 
0 
0.34' 
0.12 ' 
1.47' 
0 0.19 0 2 ' (F= 
4 " 0.31 ^ 
8 * 
(F=l) 12.59 * 
13 
(F=: 
2 " 
(F=l) 0 ' 3 ' 2.06 
14 
(F=: 
9 * 
(F=l) 0.25 ^ 10" 
3.75 13 (F= 
s ' 0.25" 1 / 9.41 
12 
(F= 
1 0.03* 0 0.12*^ 2 
2 * 0 * 2 " 1.66*' 13 
2 " 
(F=l) 0.16" 7 * 
11.81 '' 13 (F= 
0 " 0 * r 0 3 4 ^ 
7 ' (F= 
9" 
(F=2) 
5 * 
0.75'' 
0 
10" 
(F=l) 
5 ' 
6 .53 ' 
0 
16 
(F= 
16 
(F=2) 
r 
5 ' 
(F=l) 
1 
1.94 
0.06 
2.94 
(F=2) 
9 ' 
5 ' 
(F=l) 
2 
6.47 
2.16 
41.81 
(F=13) 
s" 
(F=2) 
\4'^ 
(F=9) 
3 
(F=l) 
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Table 5.6: e f fect of seed sowing for augmented species (species present in the communi ty) 
across the four herbicide treatments in Church Field, "control" = untreated control, "minus 
herbs" = plots treated with herb specific herbicide, "minus grass" = plots treated with grass 
specific herbicide, "minus all" = plots treated with glyphosate herbicide. Seedling numbers 
in Apri l 2006 and percentage cover in August 2007 are shown for sown and unsown plots. 
Astrisks by sown means indicate they are significantly different f rom unsown means * at 5% 
level ** at 1% level *** at 0.1% level, indicates a non significant difference, ^ -va lues 
close to s ignif icance are quoted. 
Species Control Minus-herbs Minus grass Minus-all 
seedling %cover seedling %cover seedling %cover seedling %cover 
Achillea sown 0.56"* :L6** (122* 2jl** 0.84"^* 118.6*** 7.17*** 
millefolium 
unsown 0 0 3 7 0 0,01 0 1.21 0.9 1.01 
sown OJNS 0.13"s 0.31 "s Oj* 1.01 NS 4.2*** 1.57 
Cerastium 
unsown 0 4 6 0 0 9 0 0.04 0 1.2 0.2 1.16 
sown QNS 0.25 "s 0.5*** 0.26 "s CU": 0.83 "s 4.5** &78"s 
capillaris 
unsown 0 0 J 2 0 OJK 0 I J 9 0.6 1.4 
sown 0.06^^ Q 2 7 N S 0 3 "s 0.06* 0.6* 0^6* ] 7 * * * (169*** 
Lotus 
corniculatus unsown 0 0.44 0 0.01 0 0.18 0.1 0.01 
Plantago sown QNS 0.17"* (118* 1.7** 0.77*** 23.9*** 1.81*** 
lanceolata 
unsown 0 0 0 0.006 0 0 0 0 
Ranunculus sown QNS 0.01 NS OJ** 0.006'"'® OJ"S 0.01 2 4 N S 0.03"-^"^ 
acris unsown 0 0.06 0 0 0 0 2.4 0 
Rumex sown qN S 0.23 qNS q N S qNS 0.26 Ns 0.09 "s 
acetosa unsown 0 0.07 0 O.OI 0 0.16 0.06 0.02 
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Molluscs 
In the Church Field experiment mollusc exclusion resulted in increases for a 
number of herb species (see Table 5.7). These effects were particularly pronounced 
for seedlings and the seedlings of only two common species, Malva moschata and 
Cirsium arvense were not affected by mollusc exclusion. Mollusc effects on 
seedlings numbers did not always translate into effects on percentage cover of older 
plants; Galium verum, Prunella vulgaris, Lotus corniculatus, Plantago lanceolata 
and Rumex acetosa all had higher seedling numbers where molluscs were excluded 
but the percentage cover of these species was not affected by molluscicide 
application. 
The experiment with slug cages revealed the effects of slug density on 
recruitment (see Table 5.8). Several species were again decreased by slug grazing 
but for many slug density had no effect, so that they only enjoyed increased 
recruitment in the enclosures without any slugs, there was no difference between 
high and low slug densities (see Table 5.8). Some species were affected differently 
by all densities: Stellaria graminea and Vicia sp. had fewest seedlings in enclosures 
with high densities and most with no slugs at all, low densities were intermediate. 
For S. graminea the effect of density was no longer evident for percentage cover, 
which was only increased in enclosures with no slugs. Slugs had beneficial effects on 
some species: they increased percentage cover of Malva moschata, and Galium 
verum but only high slug densities had this effect; low densities did not increase 
cover over the enclosures with no slugs. 
Slug effects were again greater on seedling numbers in Oakmead, the 
seedling numbers of fifteen species were affected by slug density in some way, while 
the percentage cover of eight species was affected (see Table 5.8). Two of the 
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species were abundant as seedlings but very rare in the percentage cover survey (see 
below). The seedling numbers of Geranium pratense, Cerastium fontanum, Lotus 
corniculatus, Vicia sativa, Sanguisorba minor and Senecio jacobaea were all 
affected by slugs but this did not translate into effects on adult plant abundances. 
Malva moschata was the only species to show the opposite pattern, seedling numbers 
were not significantly different under any of the slug density treatments but adult 
plant abundances were affected by high slug densities. The nature of the slug effect 
was different for Galium verum seedlings compared to percentage cover: seedling 
numbers were decreased by slugs (either high or low densities) but percentage cover 
was increased by high slug densities. 
The abundance of herbs affected the impact of slugs in Oakmead for some 
species. Slug x community interactions affected seedling numbers of a large number 
of species. Achillea millefolium (p<0.0001), Centaurea nigra (p<0.0\), Daucus 
carota (p=0.03), Sanguisorba minor (p<0.001) and Stellaria graminea (p=0.01) all 
followed the same pattern: on the forb plots, high slug densities reduced seedling 
densities to the greatest extent, with low densities intermediate between high and 
zero. On the grass plots, however, low slug densities had the fewest seedlings and 
high densities were intermediate between low and zero. Seedling numbers of 
Leucanthemum vulgare, Lotus corniculatus and Plantago lanceolata showed a 
similar pattern: low densities had the fewest seedlings and high densities were not 
significantly different to zero slugs (see Table 5.8). P. lanceolata and 
Leucanthemum vulgare, showed this pattern most clearly on grass plots. Only the 
percentage cover of P. lanceolata still showed this pattern, however. Senecio 
jacobaea showed the opposite pattern to these species on the disturbed grass plots: it 
had highest seedling numbers on plots with low slug densities; in the forb plots 
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seedling numbers were higher with high slug densities (community x slug x 
disturbance interaction p<O.Ol). The direction of slug effects was different in the 
forb or grass plots for some species: on the sown or forb enclosures Cerastium 
fontanum seedlings were most abundant in enclosures without slugs, whereas in the 
grass or unsown enclosures they were most abundant with high slug numbers (slug x 
community interaction j9<0.01). Rumex acetosa was affected only by high slug 
densities: in the forb or sown plots it was most abundant in the cages with high slug 
densities but in the grass or unsown plots the pattern was reversed and it was reduced 
by high slug densities, both seedling numbers and cover were affected in this way 
(slug X community interaction /?=0.01). Hypericum perforatum (slug x community 
interaction p=0.03) and Geranium pratense (slug x community interaction /7=0.04) 
seedlings showed positive slug effects in forb plots and negative effects in grass 
plots, but in this case there was no difference between low and high densities of 
slugs. 
Mollusc effects interacted with plant competition in Church Field. Their 
effects on seedlings were generally greater in the minus-herb plots than minus-grass. 
There were significant herbicide x mollusc interactions for Achillea millefolium 
ipO.QQQX) Anthyllis vulneraria (p<0.001), Centaurea nigra (p<0.01), Galium verum 
(p<0.01), vw/gare (p<0.01), (p<0.0001), Crgp/j 
(p<0.01), (p<0.01) and fZon/crgo ZaMceoZa/a (;)=0.04). 
For all these species there was a greater proportional increase in seedling numbers 
when molluscs were removed on the minus-herb plots than on the minus-grass plots. 
There were fewer interactions with herbicide for percentage cover and the two 
species that were affected in this way, A. millefolium (/?<0.0001) and C. nigra 
(p<0.01) were both reduced proportionally more by molluscs on minus-grass plots. 
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Mollusc effects on percentage cover were similar or slightly greater in magnitude for 
C. nigra, C. capillaris, D. carota, P. lanceolata and S. graminea to removal of herbs, 
but had less effect than removal of grasses or all vegetation. For A. millefolium, 
mollusc removal had a larger proportional effect than removal of either grasses of 
herbs but had less effect than removal of all vegetation. These are the only species 
for which this comparison is possible, as they are the only species affected by 
molluscs that are present on the control plots. 
Molluscs had positive effects on a few unsown species, under some 
conditions: the percentage cover of Ranunculus repens was increased by mollusc 
grazing on sown, grazed plots, although it was decreased by molluscs on unsown 
grazed plots (mollusc x seeds x rabbits interaction p=0.02). Percentage cover of 
Senecio jacobaea was also increased by mollusc grazing but only on plots with 
increased herb numbers, either those treated with glyphosate or on sown plots that 
had received grass-specific herbicide (mollusc x herbicide x seeds interaction 
j9<0.001). Veronica chamaedrys had higher percentage cover on plots with molluscs 
present and this effect was particularly evident on plots treated with grass-specific 
herbicide. 
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Table 5.7: effect of molluscicides on seedling numbers and percentage cover of herb species 
in Church Field. Of the sown species introductions are species not previously present in the 
community, while augmentations are species previously present in the community. 
Seedlings were counted in April 2006 and percentage cover was assessed in August 2007. 
Asterisks beside molluscicide means, indicate these are significantly different f rom control 
means; * indicates significant at 5% ** significant at 1% and *** significant at 0 . 1 % 
indicates a non significant difference. If results are close to significance the j?-value is given 
species seedlings percentage cover 
control molluscicide control molluscicide 
Introduction 
Anthyllis vulneraria 0.17 0.94*** 0 0.016"s 
Centaurea nigra 2^3 4.59*** 021 0.57*** 
Daucus carota 0^9 144*** 0.16 0.35* 
Galium verum 1.45 3.61*** 0.11 0.2l"s 
Hypericum perforatum 0.17 0.67*** 0.05 0.05"s 
Leucanthemum vulgare 1.55 4.53*** 0.21 0.41* 
Sanguisorba officinalis 125 3.37*** 0.05 0.19* 
Silene dioica 0J3 0.84*** 0.06 02* 
Trifolium prateme 9.44 13.92*** 0.003 0.03'^ ^ 
Augmentation 
Achillea millefolium 4.64 26.66*** 0^8 2.27*** 
Cerastium fontanum 028 1.20*** 0J5 0.83 
Crepis capillaris 0^3 0.89* 0.46 0.91** 
Lotus corniculatiis 122 3.31*** 027 0.28"s 
Plantago lanceolata 2.11 4.41*** 027 0.46"^ % 
Ranunculus repens 0.41 0.92*** L93 ].92"s 
Rum ex acetosa 0.03 OJ^** 0.09 0Jt2"s 
Unsown 
Senecio jacobaea 19.67 16.89*** 935 8.6"s 
Stellaria graminea 0.94 2.78*** 1.40 2.63*** 
Veronica chamaedrys 0.36 0.58?°" 0* 243 1.81** 
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Table 5.8: effects of slug density on seedling numbers and percentage cover of herb species in Oakmead. Of the sown species introductions are species not 
previously present in the community, while augmentations are species previously present in the community. Seedlings were counted in April 2007 and 
percentage cover was assessed in August 2007. Letters in superscript indicate whether means are significantly different, means with the same letter are not 
significantly different from each other, at 5% level, t during the seedling count Vicia sativa and Vicia tetrasperma were not distinguished. 
species seedlings percentage cover 
0 slugs m"" 5 slugs m'^ 10 slugs m'" 0 slugs m"' 5 slugs m"" 10 slugs in"" 
Introductions 
Geranium pratense (in forb community) o " 0.31 '' 0 2 5 b 0 . 0 3 * 0.01 * 0.01 " 
Malva moschata (in grass community) 0 . 4 4 * 0 3 7 " 0 3 7 " & 0 6 " 0.01 " 0.36 ^ 
Trifolium pratense 2 2 5 " 1.56 '' 3 U 9 ^ 0 . 0 5 " 0.01 * 0.03 " 
Augmentations 
Achillea millefolium 
Centaurea nigra 
5.31 ® 
2 ^ 6 ' 
3 ' ' 
0.91 
3 1 8 b 
1.16 ^ 
4 3 3 " 
1.03 " 
1.07 ** 
0 2 0 b 
0 8 0 ^ 
0 . 4 0 ^ 
Clinopodium vulgare 0 J 2 * 0.5 * 0.75 " 0 2 2 " 0 3 0 " 1.79 ' ' 
Daucus carota 0 . 9 4 " 0.34 '' 0 2 8 ^ 0 . 5 8 " o u o " 0.51 " 
Galium verum 1.16 * 0.59 b 0.84 C U 2 " 0 . 0 7 " 0.36 ' ' 
Leucanthemum vulgare 0 . 9 4 " 0.31 ** r 0 J 4 " 0 3 2 " 0 3 9 " 
Linaria 2.44 '' 1.41 " 2 J 6 " 3 .69 " 2 . 0 3 " 
Lotus corniculatus 1^2" 0.94 ^ 1 . 5 3 " 1 . 6 4 " 0 9 9 " 1 . 4 8 " 
Plantago lanceolata 2 . 0 3 " 1.22 2 2 5 " 0 . 8 6 " 0 .37 0 . 9 6 " 
Unsown 
Stellaria graminea 3 J 2 " 1 . 5 " 1.31 ^ 3 J " 1.86 " 1 2 1 " 
Trifolium repens 2 2 8 " 0.47 " 0 . 6 6 ^ 0 3 8 " 0.1 " 0 3 3 " 
Veronica chamaedrys 1 . 9 4 " 0 6 6 ^ 0.84 ^ 0 J 8 " 1 . 7 3 " 1 . 5 9 " 
Vicia sativa t 0.75 * & 5 3 " 0 .19* ' 0.41 * 0 2 3 " 0 . 0 9 " 
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Rabbit effects 
Rabbits had effects on seedling recruitment of many species. They had their 
largest effects on plots where vegetation had been removed (minus-all), where they 
reduced seedling numbers of 15 species. On these plots they reduced seedling 
numbers for all species except Hypericum perforatum (see Table 5.9). Rabbits also 
reduced seedling numbers for some species on minus-grass plots (significant for A. 
millefolium). For other species, however, rabbit grazing increased seedling numbers 
on this herbicide treatment {Cerastium fontanum) (Table 5.9). On plots with 
increased competition (minus-herb and control), rabbits tended to increase seedling 
numbers, these increases were significant for Senecio jacobaea, Sanguisorba minor 
and Trifolium pratense. S. jacobaea was unaffected by rabbits on minus-grass and 
minus-all plots, the other two were decreased by rabbit grazing on minus-all plots. 
Rabbits had greater effects on seedling numbers on the minus-herb plots, where they 
affected seedling numbers of four species, compared to two on the minus-grass. 
Rabbit effects on seedling numbers did not always result in effects on 
percentage cover (Table 5.9). On minus-all plots they reduced the percentage cover 
of seven sown species and increased one {Silene dioica). They had a tendency to 
reduce the percentage cover of all the other introduced species (except S. dioica) but 
these species were generally too rare outside minus-all plots tor this to be significant. 
For the resident species, the pattern was more mixed, with some increaser and some 
decreaser species (Chapters Two and Three). S. jacobaea is a rabbit increaser 
(Crawley and Nachapong 1985): in this experiment rabbits only increased the 
abundance of ragwort on plots with grass competition, on minus-all and minus-grass 
plots they had no effect. The same pattern was found for the percentage cover of 
Veronica chamaedrys (Table 5.9). 
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Table 5.9: rabbit and herbicide effects on seedling numbers and percentage cover of herbs in Church Field, augmented and unsown species are on this page 
and introductions on the following page. Of the sown species introductions are species not previously present in the community, while augmentations are 
species previously present in the community. "F" indicates fenced plots "G" indicates grazed plots (see Figure 5.2 for herbicide codes). Seedlings were 
counted in April 2006 and percentage cover was assessed in August 2007. Asterisks indicate significant differences, so an asterisk beside a fenced mean 
indicates this is significantly different from the grazed mean, significance levels are : * significant at 5% ** significant at 1% and *** significant at 0.1%. 
Where differences are close to significance thep-value is quoted. Seedling counts were analysed with linear mixed effects models and percentage cover with 
seedlings percentage cover 
control minus-herbs minus-grass minus-all control minus-herbs minus-grass minus-all 
Augmentation 
Achillea millefolium fenced grazed 
0 25 
0 
2J** 
0.5 
2 ^ 2 
0U9 
101.87** 
17.62 
0 94 
0 
0,19 
0 4 4 
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0 4 7 
8.01** 
0,17 
Cerastium fonlanum fenced grazed 
0.12 
&25 
(112 
0,19 
0.12* 
0 ^ 9 
3 j l * 
1.12 
0,07 
(116 
0,13 
0 J 2 
1,71 
0,51 
Oj& 
1.86 
Crepis capillaris fenced grazed 
0 
0 
0 
0.5 
OIK 
0 0 6 
3.62** 
1,44 
0.5 
0.07 
0 J 9 
0,14 
2,2 
0 4 2 
2,15 
0,031 
Lotus corniculatus fenced grazed 
0 
0 0 6 
(X06 
(125 
0^5 
0 J 7 
]2.06''"°°5 
5.06 
0.006^*07 
0.71 
0,01 
0 4 6 
0 4 8 
0 6 6 
0 3 2 
0 3 8 
Plantago lanceolata fenced grazed 
0 
0 
0.12 
0.31 
1.31 
0.44 
21.44*** 
2.44 
(116 
0,01 
CU6 
0 4 2 
. 
0,05 
1,27 
0,54 
Ranunculus acris 
fenced 
grazed 
0 
0 
0.31 
0 
0 
CU2 
3 
1,87 
0.01 
0 0 6 
0 
0 006 
0.01 
0 
0 4 0 6 
0 4 2 
Rumex acetosa 
fenced 
grazed 
0 
0 
0 
0 
0 
0 
0,31 
0.5 
0,006 
0 ^ 9 
0.01 
0 
0 
0.42 
0,02 
0,1 
Unsown 
Senecio jacobaea fenced grazed 
2J2* 
5.5 
&75* 
3,12 
21.31 
31.87 
39^4 
41,62 
1.17* 
2 ^ 7 
5.34* 
11.82 
12.84 
10.12 
10,81 
16,81 
Stellaria graminea 
fenced 
grazed 
0 
0 
0 
0 
0.31 
0 4 6 
12L69*** 
1,81 
0 4gP=o.o7 
1,32 
0 3 6 
0 3 6 
2 3 7 
3.95 
3.55 
3.7 
Veronica chamaedrys 
fenced 
grazed 
0 
0.06 
0 
0 
0 
0 
2IK 
1.62 
034* 
2 3 6 
0.07* 
2 8 7 
1.72 
6.5 
Q52P=oo6 
2.59 
Vicia sativa fenced 0.0625 0 J 7 5 0.0625 1.3125** 0 4 6 0.02 (X21 0.1 grazed 0 0 0 0,125 0 0 4 2 0,07 0.04 
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seedlings percentage cover 
Species control minus-herbs minus-grass minus-all control minus-herbs minus-grass minus-all 
Introductions 
Anthyllis vulneraria 
Centaurea nigra 
Clinopodium vuigare 
Daucus carota 
Galium verum 
Hypericum perforatum 
Leucanthemum vulgare 
Linaria vulgaris 
Malva sylvestris 
Prunella vulgaris 
Sanguisorba officinalis 
Silene dioica 
Trifolium pratense 
fenced 
grazed 
0 0 4 6 a n 
0 0 &25 0 ^ 
0 0 0 0.06 
0 0 0 0 
fenced 
grazed 
0 031 0^2 19.6^:** 
0 1.19 0 5.56 
0.02 0.01 0.19 2.69** 
0 4 0 6 0 4 2 0 4 7 0 4 9 
fenced 
grazed 
0 0 0 2 ^ 4 
0 0 0 1.19 
0 0.006 0.05 0.56?°°°° 
0 0 4 3 0 0 4 4 
fenced 
grazed 
0 0 12 &19 6 ^ ^ ^ * 
0 0 OJI 0 8 7 
0.07 0.15 0.4 1.26** 
0 4 2 0 4 4 0 4 4 0 4 6 
fenced 
grazed 
0 0.81 0.44"°'""' 14.37* 
0.12 0 0.06 4.44 
041 0 4 7 0 J 3 0 4 8 
0 0 4 2 &I2 0^7 
fenced 
grazed 
0 0 0 L U * 
0 0 4 6 0 2 J 9 
0 0 4 0 6 0 OJW* 
0 0.006 0.01 0.09 
fenced 
grazed 
0 0 6 &31 
0 0 19 0 10 
0 4 1 CU2 0 3 2 1 ^ ^ ^ ^ 
0 aWM 0 4 2 0 J 3 
fenced 
grazed 
0 0 0 0^6 
0 0 0 0 12 
0 4 0 6 0 0 0.67 
0 0 0.006 0.01 
fenced 
grazed 
0 1.62 925*** 
0 0 ^ 4 3^1 
0.07 0.12 0.21 1.5 
0 4 3 0 4 9 0 4 6 &9 
fenced 
grazed 
0 0 0 0 
0 0 0 0 4 6 
0 0.03 0.01 0.79 
&M6 0 J 2 0^8 144 
fenced 
grazed 
0.06** 0.06"^"^ 1.19 10.69*** 
0 ^ 4 0 ^ 2 2 J 5 
0 0.01 0.14 0.76* 
0 0 0.04 0 
fenced 
grazed 
0 0 0 J 2 2 6 9 
0 0 ^ 5 0 1^2 
0 0 4 3 0 4 2 O J ^ ^ * 
0 0.05 0.07 0.74 
fenced 
grazed 
CL19* (194* :Z.25 68.81** 
a w 2 l ^ W 
0 0 0 0 4 3 
0 0.01 0.06 0.01 
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Effects of herbicides 
The herbicides used in Church Field were generally effective. The 
gylphosate treatment entirely removed above-ground vegetation. The herb-specific 
herbicide reduced forb abundance considerably: in summer 2006 total percentage 
cover of herbs was 5% on the fenced minus-herb plots and 15% on the grazed minus-
herb plots, compared to 14% on the fenced control plots and 30% on the grazed 
control plots. The higher figure on the grazed minus-herb plots, was partially due to 
rapid recruitment of Senecio jacobaea seedlings, following herbicide application, 
these made up half of the herb percentage cover on these plots. Rabbits also 
preferentially grazed minus-herb plots and so may have facilitated reinvasion of 
herbs there (E. Allan pers.obs.). The minus-grass treatment, increased total herb 
cover to 77% on the fenced and 66% on the grazed plots. Total percentage cover of 
grasses was reduced on the minus-grass plots, from 98% on the control plots to 36% 
on the minus-grass plots. All of the grass cover on minus-grass plots was Festuca 
rubra which is resistant to this grass-specific herbicide. It underwent competitive 
release and had increased to 52% on these plots by August 2007, nevertheless 
seedlings recruiting in spring 2006 would have experienced lower grass competition 
on the minus-grass than the control or minus-herb plots. 
For data on the efficacy and potential non-target effects of the molluscicide, 
see Chapter Three. 
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5.5 Discussion 
Microsite limitation resulting from interspecific competition from established 
vegetation was the most important factor limiting seedling recruitment. Removal of 
all competition from adult plants either by cultivation of the soil or by removing 
vegetation with herbicide, dramatically increased total seedling recruitment, in line 
with the results of many other studies (Burke and Grime 1996, Tilman 1997, Zobel et 
al. 2000, Foster and Tilman 2003, Foster and Dickson 2004). Grasses were more 
important than herbs in restricting seedling recruitment, as total seedling numbers 
were higher on minus-grass than minus-herb plots. Herbivores also had effects on 
seedling recruitment and the establishment of introduced species. 
Invasion bv added species 
Plant competition had large effects on seed limitation of resident species and 
on the ability of introduced species to invade. All of the species that recruited in the 
experiment did so on plots without competition and many of the introduced species 
recruited only on these plots. In the slug enclosure experiment, only Malva 
moschata seedlings appeared on the undisturbed plots and even this species failed to 
survive here until the percentage cover survey. This suggests that none of the 
species sown into the slug enclosures was absent as a result of dispersal limitation. 
In Oakmead very few of the species were introductions because many of the species 
in the seed mix had already been introduced to the community in an earlier seed-
addition experiment, this suggests that no further species were able to invade. 
In the Church Field experiment, more of the species were absent from the 
community and were therefore additions. Fourteen species appeared on several of 
the glyphosate plots, of these three showed poor survival and were found on less than 
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five plots in total, sixteen months after sowing. The other species persisted on plots 
with reduced competition, but only three did so on more than one of the control 
plots. Although the fate of these plants should be followed for more seasons to 
ensure that they did in fact persist and were able to produce sustaining populations, 
these results suggest that Daucus carota, Centaurea nigra and Malva moschata 
might be dispersal limited in this community and are able to invade the undisturbed 
grassland, but all of the other species would fail to invade unless competition from 
adult plants was reduced. Species richness was increased even on the control plots, 
due to the establishment of these species, which suggests that the community may 
not be saturated with species, particularly as there was no evidence of reductions in 
resident species on these plots, as a result of seed sowing (Foster and Tilman 2003). 
Removal of competition from established plants allowed many more species 
to establish, however, competition from grasses was most important as more 
seedlings appeared on minus-grass than minus-herb plots, and the total percentage 
cover of introduced species was higher on these plots. Hypericum perforatum and 
Linaria vulgaris were unable to persist well outside the minus-all plots and 
Sanguisorba minor and Leucanthemum vulgare did not persist outside the minus-
grass treatment, despite both H. perforatum and L. vulgare recruiting on minus-herb 
plots, so clearly competition from grasses restricted their ability to persist and invade 
the grassland. Competition from established herb species does seem to be important 
in restricting the recruitment of some introduced species: more species established on 
the minus-herb plots than the control plots, presumably the death of adult plants 
provided microsites that enabled these species to invade the community. 
vwZgfzrg, SY/gMg /'rwMeAkf ancl verwM? were :d)le 
to recruit and persist in the grassland on plots without herbs. These species persisted 
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as well on minus-grass as on minus-herb plots, perhaps suggesting they are affected 
as much by herb competition as grass, however minus-grass plots were reinvaded by 
grasses and Festuca rubra in particular experienced competitive release on these 
plots as it was resistant to the grass specific herbicide. These results agree with 
suggestions that undisturbed grasslands are relatively resistant to invasion and that 
competition from established plants prevents invasion (Burke and Grime 1996). 
Many species recruited more widely as seedlings but failed to persist. The 
most dramatic example was Trifolium pratense, which was one of the most abundant 
seedlings in both Church Field and the Oakmead slug enclosures but which persisted 
on very few plots. It appears for this species that high mortality at a later stage 
restricts its abundance. It is rare in the grasslands of Silwood (Crawley 2005) and 
this does not seem to be due to seed or dispersal limitation as seedlings germinated 
but were unable to persist. Mortality caused by natural enemies, perhaps soil 
pathogens, or lack of suitable mycorrhiza could be responsible for the failure of adult 
plants to survive, as these have been shown to be important in other systems (Van 
der Putten and Peters 1997, van der Heijden et al. 1998, Klironomos 2002, van der 
Heijden 2004, Burdon et al. 2006). Alternatively the low soil pH, around pH 4.7 
(Chapter Two), may prevent its establishment as it does not occur on very acid soils 
(Stace 1997). 
The germination of seedlings in Oakmead varied between forb-rich and forb-
poor communities, with nearly twice as many seedlings germinating in the forb rich 
community on average. This is not due to a seed-bank effect as these species were 
lacking from the community and none appeared on unsown plots. The reason for the 
difference may be due to different soil fauna, as the forb-rich plots had been treated 
with methyl bromide ten years before as part of an earlier experiment. This would 
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have killed most soil organisms and these areas could therefore still have a different 
soil community to the untreated areas (Yeates et al. 1991). Soil pathogens are known 
to affect the germination of seeds (Schafer and Kotanen 2004) so could be 
responsible for this effect. 
In general, seed sowing resulted in increased seedling numbers for many 
species but this did not result in higher adult plant densities. This shows that 
increases in seedlings do not necessarily indicate seed limitation and emphasises the 
importance of following the fate of seedlings for longer periods of time (Tumbull et 
al. 2000). The converse was also observed and some species, Clinopodium vulgare 
and Prunella vulgaris, were recorded in more plots during the percentage cover 
survey than the seedling survey, perhaps due to delayed seed germination. This was 
particularly plots with more vegetation (control, minus-herbs) and it may have been 
that germination and growth of seedlings was slower on these plots. At the time of 
the seedling survey, seedlings on control or minus-herb plots were, in general, 
considerably smaller than those on minus-all plots (E. Allan pers. ob.) 
Seed limitation of residents 
Microsite limitation was far more important than seed limitation for all the 
resident herbs tested. In Oakmead several of the resident species appeared to be 
seed-limited on the cultivated plots. Of the augmented species, seed sowing 
increased seedling numbers for all species where microsite limitation had been 
reduced in this way. Despite increases in seedling numbers on the disturbed plots 
not all species had higher percentage cover on sown, cultivated plots (even just six 
months after sowing) only eight did. This suggests that in this experiment, even with 
reduced microsite limitation, only nine species out of thirteen were seed-limited. If 
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the plots were surveyed after a longer period even fewer species might be found to 
be seed-limited. For the non seed-limited species the seed bank or seed rain from 
neighbouring plots was presumably sufficient to allow recruitment. Two species, 
Galium verum and Clinopodium vulgare, were seed-limited on both cultivated and 
uncultivated plots but only in the grass community, where they were virtually absent 
and presumably lacked a seed bank or nearby seed source. Lotus corniculatus was 
the only species that had increased seedling numbers on undisturbed plots as a result 
of seed sowing. 
No species were seed-limited on control plots in Church Field. Two species 
Plantago lanceolata and Lotus corniculatus were seed limited on all herbicide 
treatments. The greater response of L. corniculatus to seed addition in both 
experiments perhaps agrees with the observation that large seeded species such as 
legumes are more often seed-limited (Tilman 1997). Achillea millefolium was seed-
limited only on plots without herbs (minus-all and minus-herbs). This may be due to 
lack of seed rain on these plots, in these grasslands it has been demonstrated that 
seed rain is more important for recruitment than the seed bank (Edwards and 
Crawley 1999a). Four species {Cerastium fontanum, Crepis capillaris, Ranunculus 
acris and Rumex acetosa) were not seed-limited on any herbicide treatment despite 
increased seedling numbers with sowing in some cases. Two species (C. fontanum 
and C. capillaris) that were not seed limited even on minus-all plots in Church Field, 
were seed limited on cultivated plots in Oakmead. This may reflect the greater time 
between seed sowing and the percentage cover survey in Church Field, or 
alternatively cultivating the soil may be more effective at reducing microsite 
limitation than removing all the vegetation with herbicides. These results suggest 
that many herb species in this grassland are not seed-limited but are limited by 
213 
aWjpZoMr co/MpgfifzoM CAc^rer J 
microsite availability (Tumbull et al. 2000). Seed limitation was, however, more 
important when the availability of microsites was increased. This may indicate that 
seed limitation is periodically important in these grasslands, for example following 
droughts when large numbers of grasses die, exposing bare ground (Edwards and 
Crawley 1999b, Bartha et al. 2003). This occurred in the grasslands in Silwood in 
1996, following a severe drought in 1995 (Crawley 2005) (Chapter Two). 
Molluscs 
Mollusc herbivory was also an important factor affecting seedling 
recruitment. For many species molluscs reduced seedling numbers and adult plant 
densities. This indicates that selective feeding by seedling herbivores can have large 
effects on plant communities (Hulme 1994, Hanley et al. 1995a, Hulme 1996a). 
Mollusc herbivores had larger effects on seedling numbers than on adult plant 
densities and this cautions against interpreting the effects of seedling herbivores on 
seedling numbers as being important for adult plant densities. In some cases, losses 
to seedling herbivores are compensated for and do not affect plant populations 
(Hulme 1996b). Nevertheless, molluscs did affect percentage cover of many species 
suggesting these herbivores could have important impacts on grassland biodiversity. 
Molluscs also reduced the percentage cover of several introduced species, indicating 
that they may exclude palatable herb species from grasslands (Bruelheide and 
Scheidel 1999). Mollusc effects on total seedling numbers were similar in 
magnitude to the removal of herbs. Removal of grasses or all vegetation lead to 
greater proportional increases in seedling numbers. 
Molluscs had larger effects on sown plots and on minus-all plots, it might be 
expected that seedling predators have larger impacts in disturbed areas with more 
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seedlings (Buschmann et al. 2005). Their proportional impact on total seedling 
numbers was, however, greater on minus-herb than minus-grass plots and this pattern 
was also found for seedling numbers of several species, despite there being fewer 
seedlings on these plots. The explanation may be that molluscs feeding on these 
plots had fewer herbs to eat and therefore fed more on those that were present: 
Hanley et al. (Hanley et al. 1995b) found rates of mollusc attack on Taraxacum were 
greater when it was grown with unpalatable Senecio jacobaea seedlings. Other 
studies in the field, however, have found that plant diversity makes no difference to 
mollusc impact (Hanley 2004) or that mollusc impact is greater in more diverse 
communities with more herbs (Scherber et al. 2006). It is also possible molluscs had 
a greater negative effect on minus-herb plots because the herb seedlings there were 
suffering from increased competition from the grasses. 
Very few species benefited from mollusc grazing. In the exclusion of 
molluscs using pesticides, positive effects were found for only three species. Overall 
positive effects were found for only Veronica chamaedrys, suggesting it is not very 
palatable to molluscs (Scheidel and Bruelheide 1999). Mollusc effects were more 
obvious for this species where densities of other herbs were higher, on the minus-
grass plots, suggesting that V. chamaedrys competes with other herb species and that 
molluscs benefit it by reducing the populations of these species. Competitive release 
may also explain the mollusc effects on Senecio jacobaea and Ranunculus repens in 
this experiment. Both decreased where molluscs were removed but only in areas 
with higher herb densities (sown plots in the case of R. repens and glyphosated or 
sown minus-grass plots in the case of S. jacobaea). A similar pattern was observed 
for Jgw/Mgx and 
perforatum in the slug-enclosure experiment: in the plots with high abundances of 
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herbs, molluscs benefited these species, but this effect was reversed in the plots with 
higher grass abundance and here molluscs, particularly high densities, reduced their 
abundance. This may indicate they are less preferred species, on which molluscs 
will feed when the abundance of more palatable species is lower. High densities of 
slugs were more likely to have positive effects on species: they benefited Malva 
moschata and Galium varum as well as S. jacobaea (in the forb community), 
although low densities were no different to the zero slug enclosures. This may be 
because only the higher slug densities were able to reduce the competitors of these 
species sufficiently for them to experience competitive release. 
For species richness and some individual species, low slug densities reduced 
seedling numbers below the levels of the enclosures without slugs but the high slug 
densities had higher seedling numbers and in some cases were not significantly 
different from zero slugs, this was particularly true in the forb-poor community. The 
decrease of these species under low densities is likely to be due to predation by slugs. 
High densities of slugs may be forced to feed on less palatable species and therefore 
reduce the numbers of seedlings of large competitors; seedling numbers of S. 
jacobaea (in grass plots) and L. vulgaris were lower with high slug numbers than 
with low numbers. They may even have effects on grasses: total grass cover on the 
disturbed, grass plots was lower in enclosures with high slug numbers than with low. 
This would agree with the fact that the positive effect of high slug densities on 
seedling numbers was more apparent in the grass community, where slugs may have 
had less to feed on. High densities of slugs might also reduce total seedling size, 
slugs are known to browse seedlings rather than killing them (Hanley et al. 1995a, 
Edwards and Crawley 1999a), which could increase seedling numbers. This 
suggests that declines with low slug numbers are directly due to predation, whereas 
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the recovery under high densities was due to indirect competitive release. It is also 
possible that cages with high slug densities actually experienced lower rates of 
herbivory, due to interference between the slugs (Wootton 1994, Denno et al. 1995). 
The effects of the high slug densities may explain the positive effects of slugs on 
species riclmess found by some workers, using slug enclosures (Buckland and Grime 
2000, Buschmann et al. 2005). No positive mollusc effects were observed in the 
undisturbed grassland, where they reduced species richness, suggesting that in 
perennial grassland their effects are likely to be mainly negative. Positive effects are 
only to be expected in cases where seedling competition is more important and this is 
not likely in undisturbed grassland. 
Rabbits 
Rabbits are also important seedling predators and they reduced the seedling 
numbers of many species, particularly on plots where the vegetation had been 
removed. Some of the species that are palatable to rabbits were decreased by them 
under all conditions, suggesting that rabbits are also selective seedling predators and 
can influence species composition by selective herbivory. For many species rabbits 
had a negative effect on seedling numbers in these plots but increased seedling 
numbers on the other competition treatments. This agrees with results from Crawley 
(1990) that rabbits have positive effects on species richness in undisturbed vegetation 
but decrease richness on disturbed plots. On the undisturbed plots, rabbits provide 
microsites for germination and therefore increase recruitment, whereas on the 
disturbed plots their role as seedling herbivores is more important, leading to 
increased mortality for many palatable species. Two species, Silene dioica and Lotus 
corniculatus that were decreased by rabbits as seedlings on these disturbed plots. 
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however, had higher percentage cover in grazed areas. This suggests that despite 
some predation on the seedlings of these species the benefit from reduced 
competition, outweighed the direct negative effects of predation. In the case of 
Sanguisorba minor, however, the opposite effect was observed. Here, rabbits 
increased seedling recruitment, presumably due to provision of microsites for 
germination, but decreased percentage cover of adult plants, presumably due to 
selective herbivory. For two species, the rabbit effects on percentage cover 
depended on the level of grass competition. On plots with reduced grass 
competition, the minus-all or minus-grass plots rabbits had no effects on the 
percentage cover of S. jacobaea or V. chamaedrys, but on the control or minus-herb 
plots, where there was increased grass competition, rabbits benefited these species. 
S. jacobaea is known to be a species that increases under rabbit grazing (Gillham 
1955, Harper and Wood 1957) and this suggests that the rabbit effect is due to 
release from competition with the dominant grasses. 
Rabbits also affected invasion of introduced species. They reduced the total 
percentage cover of introduced species on all herbicide treatments except the minus-
herb plots, although rabbit grazing had increased seedling numbers everywhere 
except the minus-all plots. Of the three species that persisted on more than one 
control plot only M. moschata was unaffected by rabbits, Daucus carota and 
Centaurea nigra were reduced by rabbit grazing. This means that there was very 
little invasion by introduced species on the grazed control plots. 
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5.6 Conclusion 
These experiments indicate that, in grasslands competition from established 
plants is one of the most important factors restricting seedling recruitment. 
Competition from the dominant grasses is of central importance, but seedling 
recruitment is also increased by removal of herb species. Few species are likely to 
be able to invade grassland habitats unless plant competition is reduced and numbers 
of microsites are increased, and adding seed is not likely to increase mature plant 
numbers of these species. Periodic events such as droughts, that reduce the cover of 
dominants may, however, allow increased invasion. Few resident herb species are 
limited by seed unless micro site availability is increased, suggesting that seed 
limitation (and hence granivores) are not likely to be particularly important in 
restricting the populations of these species. Seedling predators, however, are 
important in these grasslands and are also capable of reducing invasions by herb 
species, they are likely to have particularly large impacts on recruitment where herb 
seedlings are abundant. Mollusc impact seems to be negative, except in disturbed 
sites where seedling competition is increased, when they may benefit less palatable 
species or where they are at high densities where they don't have a negative effect on 
richness. In undisturbed grassland, however, they are likely to reduce biodiversity. 
Rabbits are also important seedling predators on cultivated plots but their role in 
increasing microsite availability means that they increase seedling numbers in 
uncultivated grassland. Despite this they are likely to be an important factor in 
further reducing the ability of species to invade grasslands and few introduced 
species established on rabbit grazed plots. Processes of competition and herbivory 
seem to be of central importance in this grassland suggesting that colonisation 
competition trade-offs and regional processes of dispersal limitation do not have 
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large effects on coexistence of herb species in the acid, species poor grasslands of 
Silwood Park. It would be interesting to repeat these experiments, comparing the 
relative importance of herbivory, competition and seed dispersal in maintaining plant 
coexistence in other types of grassland 
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CHAPTER SIX 
DISCUSSION 
The biodiversity and species composition of plant communities may be 
affected by several factors but two of the most important are soil properties (such 
as nutrients and pH) and herbivory. The experiments described here have 
manipulated these factors over a range of timescales in a mesic grassland 
community. Here I have identified niche differentiation with respect to nutrients 
and soil pH as being of importance in maintaining the diversity of this 
community. I also show that herbivory by infrequently studied plant antagonists, 
like insects, molluscs and fungal pathogens can affect the populations of many 
grassland species, and the diversity and biomass production of the community as 
a whole. These experiments also show that all these factors have the potential to 
interact and that these interactions may be of central importance to understanding 
the impact of these processes on plant communities. 
As in many other grasslands, increasing productivity by nutrient inputs 
dramatically lowers species richness (DiTommaso and Aarssen 1989, Tilman 
1993, Stevens and Carson 1999, Waide et al. 1999, Gough et al. 2000, 
Mittelbach et al. 2001, Crawley et al. 2005), often producing virtual 
monocultures (Chapter Two). In the grasslands in Silwood, the identity of the 
dominant species in productive areas, depends on the soil pH and to some extent 
on whether the grassland is grazed by rabbits. In acid plots, Holcus mollis 
dominates wheras on limed, fenced plots Arrhenalherum elalius and to a lesser 
extent Dactylis glomerala dominate. Grassland production is affected by an 
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interaction between nitrogen and phosphorus and is therefore principally co-
limited by these nutrients (Elser et al. 2007), although potassium (in combination 
with nitrogen) does increase biomass production in some years. The importance 
of year effects highlights the utility of long-term studies. The reduction in 
diversity with increasing biomass is rapid: half of the species had been lost 
within three years and virtual monocultures had formed within six years on 
fenced plots. Rabbit grazing slowed this process, but even grazed plots 
eventually declined to the same species richness as fenced plots. The substantial 
loss of species with fertilization indicates the importance of nutrient limitation 
for maintaining biodiversity and when species are limited only by light just one 
or two species tend to be maintained (Leps 2004, Crawley et al. 2005). 
Fertilizer inputs can also affect competition between species therefore 
altering species composition without affecting biomass (DiTommaso and 
Aarssen 1989, Koerselman and Meuleman 1996). Inputs of phosphorus or 
potassium without nitrogen have little impact on biomass because the grasses are 
mainly limited by nitrogen and phosphorus together. Biomass is only 
substantially increased when both nutrients are added, although nitrogen on its 
own does have a greater impact on biomass than phosphorus alone. Composition 
is affected because several non-leguminous herb species are increased by 
phosphorus (without N) additions, presumably because this gives them an 
advantage over grasses such as Agrostis capillaris and Anihoxanthum odoratum 
that are good competitors for phosphorus but not nitrogen, as shown by their 
increases on N (without P) addition plots. Legumes are clearly very good 
competitors for nitrogen but in this grassland they only increase with combined 
phosphorus and potassium addition, suggesting that other herb species are better 
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competitors for potassium and therefore out-compete them on plots with 
phosphorus alone. These results suggest that below-ground competition for N, P 
and K plays a key role in structuring the community with different groups of 
species favoured at different concentrations and combination of these nutrients. 
Selective rabbit herbivory alters the response to nutrient addition 
(Chapter Two). Rabbits graze preferentially on plots enriched with nitrogen, 
presumably because the foliage there is more nutritious (Hobbs et al. 1988, 
DiTommaso and Aarssen 1989). This leads to the counter-intuitive result that 
adding nitrogen (without phosphorus) to a grazed grassland does not increase 
productivity because all of the extra biomass is grazed by rabbits. Adding 
phosphorus in combination with the nitrogen changes this effect because on these 
plots, palatable species such as A. odoratum, A. capillaris and F. rubra are 
replaced by H. mollis and rabbits do not preferentially graze these plots, so N and 
P additions increase biomass on grazed as well as on fenced plots. 
In Chapter Three, I show that insect herbivores play an important role in 
these grasslands. In the long-term Nash's Field experiment removing all insect 
herbivores with insecticide sprays reduces diversity because H. mollis becomes 
more competitive and out-competes other species. The insect herbivores of this 
grass are therefore capable of reducing its growth and promoting coexistence by 
mediating plant competition (Pacala and Crawley 1992, Brown 1994, Carson and 
Root 2000, Chesson 2000). This result was also seen in a short-term (three year) 
experiment in a similar grassland in Silwood, although the grass that responded 
in this case was the closely related Holcus lanalus (H. mollis being uncommon in 
this field). A major motivation for setting up the experiment in Lower Church 
Field (Chapter Four) was to repeat the herbivore exclusions of Nash's Field but 
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with greater rephcation. In the Nash's Field experiment invertebrate (insect and 
mollusc) herbivore exclusions are applied at the largest plot scale, giving only 
two replicates for each treatment combination. This low level of replication 
combined with substantial between-block heterogeneity, makes it difficult to 
detect small effects attributable to these herbivores. The Lower Church Field 
experiment, however, contains twenty-four insect exclusion plots (and 48 
mollusc exclusion plots). The major advantages of the Nash's Field experiment 
are the fact that it has been rurming for sixteen years, meaning plant communities 
should be less transient, and the fact that insect (and mollusc) herbivores are 
excluded from a much larger area, reducing the risk of re-invasion from the 
edges following spraying. These two different experiments, operating at 
different scales, gave similar results in terms of insect effects on overall 
productivity and species richness, and on the identity of species affected (in each 
case a Holcus species increases and herbs such as rosette forming Asteraceae 
decline dramatically) which strengthens the results considerably. 
These experiments suggest that the insect herbivores responsible are 
specialists: the community response to removal of the insects is quite different to 
removal of a generalist such as rabbits, in the latter case a number of grass 
species (and some palatable herbs if rabbit grazing is replaced by mowing) 
increase in abundance and in the first year of exclosure many more species 
flower and increase in biomass. When insects are excluded, only one species of 
grass increases in abundance and all other competing species decline. 
An important question is how general these insect effects on plant 
diversity are, in other grasslands and similar plant communities. In forest 
systems, insect herbivores have been shown to have important effects in 
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maintaining diversity but through a different type of mechanism (Janzen 1970, 
Coley and Barone 1996, Hubbell et al. 2001, Wright 2002, Bell et al. 2006). Too 
few studies have been undertaken to allow any generalisations to be drawn about 
when insect herbivores are likely to be important. Long-term exclusions are 
needed to help answer this question; although this work does suggest that well 
replicated short-term exclusions can pick up insect effects with reasonable 
statistical power. Plot sizes also do not need to be very large (Lower Church 
Field has plot sizes of 8m x 4m) if systemic insecticides are used. 
Several theories have been proposed to explain when herbivores might 
have important effects, two of which are based on productivity. Okasanen and 
Fretwell (1981, 2000) suggest herbivore impact will peak at intermediate 
productivity; herbivores are absent from very unproductive communities and 
limited by predators in productive ones. An alternative model proposes greater 
herbivore impact at high productivity because plants will benefit more from the 
reduction in dominants when competition is mainly for light (Milchunas et al. 
1988, vandeKoppel et al. 1996, Proulx and Mazumder 1998). Both theories were 
developed with large-scale gradients in productivity in mind, when production is 
principally affected by water availability. They have been extended and tested 
using smaller scale gradients, where production is determined by nutrient levels 
(vandeKoppel et al. 1996, Fraser and Grime 1997, Fraser 1998, Bakker et al. 
2006). The Nash's Field experiment, with the latter type of productivity 
gradient, cross-factored with herbivore exclusion, supports the second theory: 
both insects and rabbits have greater effects on subordinate species in conditions 
of increased light competition in nutrient rich plots. This applies to herbivores 
capable of feeding on the dominants, those herbivores which feed on subordinate 
225 
Discussion Chapter 6 
species, such as the molluscs, have no effect in the productive plots because their 
food plants are virtually absent (Huisman and Olff 1998). 
The aforementioned theories may not apply as well to specialist insects 
and an alternative theory, the resource concentration effect, has been proposed to 
explain when specialists have large impacts (Carson et al. 2004). It suggests that 
whenever hosts reach high densities, specialists will be attracted and will reduce 
the host growth rate: this could be a powerful mechanism for maintaining 
diversity because it is frequency dependent and any species that becomes 
dominant will suffer increased herbivory and reduced growth, i.e. there will be a 
monotonic increase in herbivory with dominance (Pacala and Crawley 1992). 
There may be some evidence for this in Nash's Field: insect effects on H. mollis 
are more consistent over time on productive plots, where the grass forms a 
virtual monoculture. This could also be due to higher resource quality, as H. 
mollis growing in productive plots probably has higher nutrient concentrations in 
its tissues, which could benefit the insect herbivores (Mattson 1980, Ritchie 
2000). It is not possible to distinguish between the resource concentration effect 
and the production-based theories when productivity and host plant density are 
correlated: experiments varying each separately would be needed. 
Insects may not be the only specialists that maintain diversity in this 
grassland: fungal pathogens could also be important (Mitchell 2003). Fungal 
pathogens can have large effects on host populations (Jarosz and Davelos 1995, 
Roy et al. 2000, Gilbert 2002) but their effects on plant community structure 
have hardly been studied (Mitchell 2003). The Lower Church Field experiment 
does suggest they could maintain diversity in a similar way to the insects 
described above. They may, however, mediate competition for different 
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resources: insects mediate competition for light by attacking a species that is a 
good light competitor (Holcus lanatus) and this principally benefits low-
growing herbs, whereas fungal pathogens mediate competition for nutrients, 
perhaps phosphorus, by attacking grasses that are good competitors for this 
nutrient (Agrostis capillaris and Festuca rubra) and this benefits species that are 
good competitors for nitrogen and less good competitors for phosphorus, such as 
legumes and Ranunculus repens. 
Molluscs have the opposite effect to the insects and fungal pathogens 
described above because they feed preferentially on herb seedlings; they reduce 
the populations of these species and therefore reduce diversity (Hulme 1994, 
Hanley et al. 1995a, Hulme 1996b, Wilby and Brown 2001). Mollusc effects 
were investigated in four experiments here and a comparison of these shows the 
importance of time-scale in understanding their effects. Very short-term 
experiments overestimate mollusc impact if they stop after showing that 
molluscs reduce seedling numbers; Church Field and Oakmead experiments 
(Chapter Five) demonstrated very large effects of molluscs on seedling numbers 
with most herb species reduced by mollusc herbivory. Effects on seedling 
numbers, however, do not always translate into effects on adult plants, and losses 
to seedling herbivores may be compensated (Hulme 1996b). Medium-term 
experiments in perennial grassland will tend to underestimate mollusc impact 
because molluscs have few effects on growth of adult plants and seedling 
recruitment is often a slow process (Turnbull et ai. 2000); the experiment in 
Lower Church Field would conclude that molluscs have effects on a few species 
but very small effects on diversity. Longer-term experiments are needed to 
understand mollusc effects in undisturbed grassland. Fhe Nash's Field 
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experiment showed that molluscs can have substantial effects on species richness 
and many herb species have increased their populations where molluscs have 
been removed for sixteen years. These effects, however, were not obvious for 
the first ten years of the study. 
Mollusc impact in undisturbed grassland may be particularly important at 
certain times, as when microsite limitation is reduced, for example by drought. 
In Oakmead and Church Field, molluscs do have larger effects on species 
composition where vegetation is removed with herbicides, which may mimic the 
action of drought, or following soil cultivation. Mollusc effects in Nash's Field 
started to became apparent following a drought in 1995 when substantial 
recruitment from seed occurred. Interestingly, molluscs (interacting with insects 
and rabbits) have prevented the populations of some herbs, such as Hypochaeris 
radicata, from recovering from the drought and this species has only returned to 
its pre-drought abundance on fenced plots with molluscs removed but insects 
present. This suggests that periodic environmental events such as drought can 
interact with herbivory to have long-lasting effects in grassland communities. 
In these undisturbed grasslands, molluscs had an entirely negative effect 
on species richness: no species increased under mollusc herbivory, presumably 
because competition is so asymmetric that the grass species, which molluscs 
avoid, did not benefit from reduced herb competition (Freckleton and Watkinson 
2001). In Church Field, applying herb specific herbicide halved total herb cover, 
from 20% to 10% (half of which was Senecio jacobaea seedlings that had 
recruited rapidly) but had virtually no effect on total grass cover. Molluscs 
benefited unpalatable herb species such as Senecio jacobaea and Malva 
moschata but only where seedling competition was very intense, so in a 
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perennial grassland where this is not the case, they did not have this effect. The 
slug enclosure experiment (Chapter Five) suggested that high slug densities (10 
slugs m did not decrease species richness, where the soil had been cultivated 
and there were lower densities of forbs, although low densities (5 slugs m"^ ) did. 
This suggests that in some cases slugs feed on dominants and therefore do not 
reduce diversity but it is a probably an unusual situation and the other 
experiments show slugs having a negative effect on species richness. 
Four groups of herbivores were manipulated in these experiments and all 
had different effects on the grassland community. Interactions between these 
herbivores were also considered. Insects and molluscs had opposite effects on 
biodiversity, agreeing with the idea that herbivores that feed on competitive 
dominants (such as the insects) will increase diversity and herbivores that feed 
on sub-dominant species (such as the molluscs) will decrease it (Pacala and 
Crawley 1992). These two groups, therefore, have a compensatory interaction 
and tend to balance each other's effects on herb species (Ritchie and Olff 1999). 
Molluscs were only important where insects were present; in the absence of 
insects, mollusc removal did not benefit the herbs because dominance by H. 
mollis prevented their increased recruitment. 
Rabbits interacted with both groups of invertebrate herbivores. They had 
a broadly additive interaction with insects (Ritchie and Olff 1999) because they 
both reduced growth of H mollis. It was least abundant and other monocot 
species such as A. capillaris, F. rubra and L. campestris were most abundant 
when both groups of herbivores were present. The interaction may be more 
complex, however, as shown by the fact that grazed plots without were are where 
H. mollis was most abundant and where the other monocots mentioned were least 
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abundant. This may be due to switching by rabbits to avoid H. mollis in the 
absence of insects and/or due to the build-up of litter on grazed sprayed plots. 
Note that the comparison of fenced and grazed was between rabbit grazing and 
annual mowing, so dead organic matter build-up was reduced on fenced plots, at 
least compared to grazed plots without insects. The (broadly) additive 
interaction between these two groups of herbivores indicates that small specialist 
insect herbivores can act in a similar way to larger generalist vertebrate 
herbivores (Carson et al. 2004). 
Insect herbivores had a greater effect on rabbit grazed plots whereas 
molluscs had a smaller effect on grazed plots. The reason for this is partly that 
rabbits are also seedling herbivores (Crawley 1990), in Church Field (Chapter 
Five) molluscs had a larger proportional impact on seedling numbers when 
rabbits were not also consuming seedlings. Rabbit effects on seedling numbers 
depended on the disturbance regime: they increased seedling numbers in 
undisturbed areas but decreased numbers in disturbed plots. This suggests that in 
an undisturbed grassland, rabbits are more likely to provide extra food for 
molluscs in the form of seedlings than to compete with them. The reason for the 
increased mollusc effect inside the rabbit fences in Nash's Field is probably that 
the herb species most affected by molluscs are more abundant inside the fences 
because they are usually grazed by rabbits, so they do better with an annual hay 
cut than with rabbit herbivory. 
Three seed-sowing experiments described here, show that seed and 
dispersal limitation are relatively unimportant factors in affecting the diversity of 
this grassland (Zobel 1997, Turnbull et al. 2000). None of the resident species 
for which seed was added 'were seed-limited unless microsite limitation was 
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reduced by soil cultivation or herbicide application. This finding, however, only 
applies to herb species, as grass seed was not sown in any of these experiments. 
Very few species were able to invade the undisturbed grassland unless 
competition from resident species, particularly grasses, was reduced (Burke and 
Grime 1996). Even where pH had been raised through liming, leading to 
declines in a large number of the acid-adapted species, calcicoles were not able 
to invade. These experiments do show that invasion is possible if resident 
species are removed and other experiments, not reported here, show that species 
which establish on disturbed plots can then maintain themselves in the 
community for at least ten years, in the absence of further disturbance. This 
suggests that there might be occasions when the community could be invaded 
following a large-scale disturbance. In the experiments reported here (Chapters 
Two and Five) herbivory by rabbits and to a lesser extent molluscs fuither 
increases the resistance of the community to invasion and of those species that 
have succeeded in invading undisturbed grassland hardly any have established 
well where these two groups of herbivores are present. Herbivory and plant 
competition are therefore far more important in affecting recruitment and the 
composition of the community than processes such as seed or dispersal 
limitation. 
These experiments identify herbivory and plant competition for nutrients 
as being of central importance in structuring this grassland community. Long-
term experiments are identified as being crucial to our understanding of how 
these processes affect grassland biodiversity because these systems are often 
slow to respond to change, and temporal variability in factors such as rainfall can 
have large impacts on the community. They have also identified interactions 
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between different groups of herbivores and between nutrients and herbivory as 
being important. These interactions suggest firstly that factorial exclusions of 
several groups of herbivores are needed to adequately understand their effects 
because the impact of a particular herbivore may be modified by the presence of 
other herbivores (Ritchie and Olff 1999, van Ruijven et al. 2005). Less 
frequently studied groups of plant enemies such as invertebrates and pathogens 
should be considered along with vertebrate herbivores and interactions with 
below-ground plant enemies could also be incorporated to further our 
understanding of the impact of the herbivore community on plant diversity 
(Brown and Gange 1989, Van der Putten et al. 2001, Wardle et al. 2004, De 
Deyn and Van der Putten 2005). Soil factors such as productivity and nitrogen 
levels may also affect the intensity and impact of herbivory (vandeKoppel et al. 
1996, Proulx and Mazumder 1998, Bakker et al. 2006). Secondly, they suggest 
that herbivore interactions could increase opportunities for coexistence if rates of 
herbivory by different groups vary in time or space. These interactions may be 
crucial in understanding the maintenance of biodiversity in grasslands. 
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APPENDIX ONE 
Bar charts showing species responses to the addition of twelve combinations of nitrogen (N), phosphorus (P), potassium (K) and magnesium 
(Mg) in Nash's Field. Species responses to fertilizer are shown separately for (a) unlimed and (b) limed plots. Fertilizer codes are as follows: 
minusMg = nitrogen, phosphorus and potassium; All = nitrogen, phosphorus, potassium and magnesium; minusK = nitrogen, phosphorus and 
magnesium; minusPK = nitrogen and magnesium; minus? = nitrogen, potassium and magnesium; N = nitrogen; PK = phosphorus and 
potassium; P= phosphorus; minusN = phosphorus, potassium and magnesium; O = no nutrients; K = potassium; Mg = magnesium. All data are 
percentage cover estimates from 2006, error bars are +/- one standard error of the mean and are calculated from untransformed values. 
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Phleum bertolonii (Poaceae) 
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Danthonia decumbens (Poaceae) 
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Trifolium repens (Fabaceae) 
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Non-leguminous herbs 
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Rumex acetosella (Polygonaceae) 
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Species sown in 1996 
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